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Introduction 


Light detection technolgy is a powerful tool that provides deeper understanding of more sophisticated 
PHenomena. Keasurement using light offers unique advantages: for example. nomdestructive analysis of a 
substance, high-speed properties and extremely high detectability. Recently, in particular, such advanced fields 
5 SClenbfic measurement, Medical diagnosis and treabment, high enerpy poysics, spectroscopy and biobech 
nology require development of photodetectors that exhibit the ultimate im various performance parameters. 


Photodetectors of light sensors can be broadly divided by them operating principle into three major cabego- 
Ties: extemal photoelectric effect, inbernal photoe)ectic effect and thermal types. The external phoicelectric 
effect 15 a phenomenon in which when light strikes a metal or semiconductor placed in a vacuum, electrons 
ane emitbed from its surface mto the vacuum. Photomulimpber tubes (often abbreviated as PMT) make ose of 
this exbermal photoelectic effect and are supertor im response speed and sensitivity (low-light: level detection). 
They are widely osed in medical equipment, analytical instruments and industrial measurement systems_ 


Laght sensors withing the infernal photoelectric effect are further divided into photoconductive types and 
Pooiovotaic types. Photoconductive cells represent the former, and PIN photodiodes the latter. Both types 
feature high sensitreity amd miniature size, making them well suited for use as sensors In camer exposure 
Toeters, optical disk pickups and in optical communications. The thermal types, though their sensitivity 1s bow, 
have oo wavelength: dependence and are therefore used as temperature sensors im fire alarms, intrusion alarms, 
ec. 


This handbook has been strectured as a technical handbook for photomultiplier tubes in onder io provide 
the reader with comprehensive information on photomultiplier tubes. 


This handbook wall help the user gain maximum performance from photomultiplier twhes and show how to 
Properly operate them with higher reliability and stability. In particular, we believe that the forst-time user will 
find this handbook beneficial as a guide toe photomuluplier tubes. We also hope this handbook will be useful 
for engineers already experienced in photomultiplier tubes for upgrading performance characteristics. 


Informabon furnished by Hamamatsu Photonics is bebeved to be relable. However, mo responsibility 15 
assumed for possible imaccuracies or omission. The contents of this manual are subject to change without 
notice. “on pabent rights are granted bo amy of the circuits described hereim_ 
©2006 Hamamatse Photonics FR. 
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INTRODUCTION 





2 CHAPTER TL PSTRODUCTION 


1.1 Overview of This Manual 


The following provides a brief description of each chapter im this technical manual. 


Chapter 1 Introduction 
Before starting io describe the main subjects, this chapter explains basic photometric units used to measure 


ar express properties of light such as wavelength and intensity. This chapter also describes the history of the 
development of photecathodes and photomultiplier tubes. 


Chapter 2 Basic Principles of Photomultiplier Tubes 
This chapter describes the basic operating principles and elements of photomuloplier tubes, including 


Photoelectron emission, electron trajectomes, electron muliplication by ase of electron multipliers (dynodes), 
and anodes. 


Chapter 3 Basic Operating Methods of Photomultiplier Tubes 


This chapter is aimed at first-time pootomuloplier tube users. li describes: bow to select and operaie photo: 
muloplier tubes and how to process their signals. 


Chapter 4 Characteristics of Photomultiplier Tubes 


Chapter 4 explains in detail the basic performance amd various charactenstcs of phobomuloplier tubes. 


Chapter 5 How to Use Photomultipller Tubes and Peripheral Circults 


This chapter describes hove to use the basic cincuits amd accessories needed for correct operation of photo 
maulijber tubes. 


Chapter 6 Photon Counting 


Chapter 6 describes the principle, method of use, characteristics and advantages of photon counting used 
for optical measurement af very bow light levels where the absolute amount of light is extremely small. 


Chapter ? Scintillation Counting 


Chapter 7 explains scintillation counting with photomuloplier tubes for radiaion measurement [ft includes 
descTipbons of characteristics, measurement methods, and typical examples of data. 


Chapter § Photomultiplier Tube Modules 


This chapter describes photomultiplier tube modules (PMT modules) developed to make photomultipber 
tubes easter bo ose and also io expand thei applications. 
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Chapter § Position Sensitive Photomultiplier Tubes 


(Chapter 9 descobes multianode posibonesensttive photomultiplier tubes and centereof-gravity detection 
type photomultiplier tubes, showing their structure, characteristics and application examples. 


Chapter 10 MCP-PMT 


This chapter explains MCP:PAITs (photomulipber tubes incorporating microchannel! plates) that are high 
sensitivity and ulira-fast photodetectors. 


Chapter 11 HPD (Hybrid Photo-Detectors) 


This chapter describes new hybrid poote-detectors (HPD) that incorporate a semiconductor detector in an 
electron tube. 


Chapter 12 Electron Multiplier Tubes and lon Detectors 


(Chapter 12 describes electron multiplier tubes (sometimes called EMT) and ton detectors Weal for mass 
spectroscopy, showing the basic structure and various characteristics. 


Chapter 13 Environmental Resistance and Rellability 
In this chapter, photomultiplier tube performance and usage are discussed in terms of enviroomental dura 


bality and operating reliabalsty. In particular, this chapter describes amboent temperature, homidity, magnetic 
field effects, mechanical strength, etc. and the countermeasures apainst these factors. 


Chapter 14 Applications 


(Chapder 12 introdeces major applications of photomultiplier tubes, and explains how photomultiplier tubes 
are used in a variety of fields and applications. 
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1.2 Photometric Units 


Before starting bo describe photomultiplier tubes and their characteristics, this sectoon briefly discusses 
Phobomettic units commonly used to measure the quantity of light. This section also explains the wavelength 
regions of light (spectral range) and the units io demote them, as well as the unit systems used to express light 
Intensity. Since mformation included here 1s pust an overview of mapor photometric units, please refer bo 
specialty books for more details."'~ 


1.2.1 Spectral regions and units 


Electromagnetic waves cover a very wide range from pamma rays wp bo millimeter waves. So-called “ght” 
15 a veTyY Mare range of these electromagnetic waves. 


Table 1°) shoes bow spectral regions are designated when light 1s classified by wavelength, along with the 
conversion diagram for light units. In general, what we usually refer to as Light covers a range from 10" to 10" 
nanometers (mm) in wavelength. The spectral region between 750 and 730m shown in the table os usually 
known as the visible region. The region with wavelengths shorter than the visible region is draded info near 
UY (shocter than 350mm), vacuum UY (shorter than 300mm) where air is absorbed, and extreme UW (shorter 
than 1000m). Even shorter wavelengihs span into the regoon called soft Xorays (shorter than [(mm) and X- 
trays. In contrast, longer wavelengths beyond the visible region extend from near TR (73mm or up) to the 
Infrared (several micrometers of up) and far IR (several bens of mocromeders of up) regions. 


Near infrared regan 


Far infrared region 








Table 1-1: Spectral regions and unit conversions 


1.2 Photometric Units 2 


Light energy E (J) is grven by the following equation (Bg- 1-1). 


 « 
E=hp =h- Sg re a reece teen (Eq. 1-1) 


h: Planck's constant B6P6x10™(J-s) 
wv: Frequency of light (Hz) 


e: Velocity of light 310"m's 
A: Wavelength (nm) 
Eg. [+] can be rewritten as Eq. b-2, by substituting E ineV, wavelength in nanometers (mm) and constants 
hand in Eg. 1-1. Here, eV equals Lia) J. 


, 1240 
Ejev) = “> a AAA (Eq. 1-2) 


Prom Eq. le2, it can be seen that light enengy increases in proportion to the reciprocal of wavelength. 





1.2.2 Units of light intensity 

This section explains the units used to represent light intensity and their definitions. 

The radiant quantity of ght of radiant flux is a pure physical quantity expressed in units of watts (J/5). In 
oootrast, the pootomeinc quantity of light or luminous flux is represented in lumens which correlate io the 
viswal sensation of light. 

Lf the number of photons per second is mn and the wavelength is 4, then Eg. 1-1 can be rewritten as Eg. 1-3 
from. the relation of W=J/S. 

Woe WE = Sg cirrrrrrerrereresrctestestenestctstntetteetntntntceneentntntnenenetntnt (Eq. 1-3) 


Here, the following equation can be obtained by substituting specific values for the above equation. 
"5 
Wwe Me2x 10 
A 
The above equation shows the relatoon between the radiant power (WV) of light and the number of photons 
($), and will be helpful if you remember it. 


Table 1:2 shows comparisons of radiant units with photometric units (in brackets [ |). Each unit is 
scoibed in subsequent sechions. 


i 
Radiant flux [Lumingus flux] 
Fadiant entoay (Quandty of ha) 
walls per square mater flux] 
lumens per square: rete] 
| Radani intensity [Luminous intensity] 


leandalas par square mater] 





Table 1-2: Comparisons of radiant units with photometric units (shown In brackets [ ]} 


1. 
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Radiant flux [Luminous flux 


Radiant flux is a unit bo express radiant quantity, while luminous flux shown in brackets [ | in Table | 
2 and the subbead just above is 2 unit to represent luminous quantity. (Units are shown this way im the rest 
of this chapter.) Radiant flux (fhe) is the flow of radiant energy (Qe) past a given point in a unit time period, 
amd as defined as follows: 


MB ROSIE LUNE) ceecceeeeeeceeeeeeereerteterrre tt etrrcetrrrrrrececeeecnnnnennnnennneeneeenenntnetsennnneen ~ (Eq, 14) 
(On the other hand, luminous flux (is measured im lumens and defined as follows: 
= km | ADAP UR YDA, corrceereccereeceeeeeeeeeeeeeeeneeetteettstsessnsnnnnnnnssneennnnnnennnnennneennnnae ~ (Eg. 1-5) 


Where ef) - Spectral radiant density of a radiant flux, or spectral radiant flux 
km =: Maxomum sensitivity of the homan eye (633 lmWw) 
vA) : Typical sensitivity of the human eye 


The maximum sensitwity of the eye (km) 1s a conversion coeffictent used to link the radiant quantity 
and luminoas quantity. Here, (4) indicates the typical spectral response of the homan eye, internationally 
established as spectral luminous efficiency. A typical plod of spectral Jumonmous efficiency versus wave 
length (also called the luminosity curve) and relative spectral luminous efficiency af cach wavelength are 
shown in Figure ]-1 and Table |<3, respectively. 
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Figure 1-1: Spectral luminous etficiency distribution 
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Wavelength (nm) | Luminous Eficiancy | Wavelength nm} | Luminous Efficiency 
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Table 1-3: Relative spectral luminous efficiency at each wavelength 


2. Radiant energy (Quantity of light] 


Radiant energy (Qe) is the integral of radiant flax. over a duratvon of time. Similarly, the quantity of light 
(is defined as the integral of luminous flux over a duration of time. Each term is respectively given by 
Big. Le and Eg. 17. 


3. = Irradiance [Illuminance] 


Irradiance (Be) is the radiant flux incident per unit area of a surface, amd 1s also called radiant flux. 
density. (See Figure ] <2.) Likewise, Clominance (EF) 1s the luminous flux incident per oni area of 2 surface. 
Each term 15 respectively piven by Eg. 1-8 and Eg. 1-9. 


lrradianc= Es = dcpeyids (V4im*) DOES ETRE RRRRE CREE RRRREEREERRREEOS (Eq, 1-8) 
WWumingnce E z ocbicds (ix) EERE EEE (Eq, 1) 
FAADLART FUL cep 
PL LIRA FLOe cete) 
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Figure 1-2: irradiance (llbuminance) 
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4. Radiant emittance [Luminous emittance) 
Radiant emittance (hfe) is the radiant flax emitted per unit area of a surface. (See Figure ]-3.) Likewne, 
Tumnus emittance (41) is the luminous flux emitted per unit area of a surface. Each term is respectively 
expressed by Eg. 1:10) and Eq. L-1 1. 


Radiant amittance Me _ dcbeds (Wim?) DESMSSRSASDSRDCRSRSSSSSSSSERRSESCEEOSRCDSSSSCSREE (Eq, 1-1) 
Luminous amittance KA - Odds (Imu'm*) cninernnncnrinmmnnvenarerrsTeTtreemerenennenenetre {Eq. ]«] li 
AADIAT FLUO ot 
(LUAOLES. FLL ci |i 





Ta Se 


Figure 1-3: Radiant emittance (Luminous emittance) 


5. Radiant intensity [Luminous intensity] 


Radiant intensity (be) is the radiant flux emerging from a point source, divided by the unit sold angle. 
(See Figure led.) Likewise, luminous intensity (7) is the luminous flux emerging from a point source, 
dmided by the unit solid angle. These terms are respectively expressed by Bg. 1:12 amd Eq. 1-17. 

Radiant inbensity la 2 Ocbe aw (Wisr] AAA AASASSALASOAAAASALAASAASASALAAASAALABRSSASAALAAARLRLBA {Eq. 1-17) 

Where 

che: rediarit flux (WwW) 
w solid angle (sr) 
Luminous iivtesrsity |= chetuidy (eed) cceccccececeseeeeereereeeeeeeeeeeertesteeseeeeeneenenertten (Eq. 1-13) 

Where 

a = luminous flux (im) 
w : solid angle (sr) 


RADIANT FLU dt. 
[LURAIMESUS FLUX ce ) 





Figure 1-4: Radiant intensity (Luminous Intensity} 
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6. Radiance [Luminance] 
Radiance (Le) is the radiant intensity emitted in a certain direction from a radiant source, divided by unit 


area of an orthographically projected surface. (See Figure 1-5.) Likewise, lomimance (L) 1s the luminous. 
flux emitted from a light source, divided by the unit area of an octhographically projected surface. Each 


fenm is respectively given by Eg. |< )4 and Eg. 1-15. 
Radiance Le = dlevids-cosd (Wigan) sc ttrttereree (Eq. 1-14) 
Where 
le: radiant intensity 


5: ree 
6: angle between viewing direction and small area surface 


Tee led’) SSscsSESSASbSSSSASSA50041002540500021050450200,0550400000508844 (Eq, 1-15) 


Where 
I: luminous intensity (cd) 
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Figure 1-5: Radiant intensity (Luminous intensity} 
In the above sections, we discussed basic photometric units which are intermetionally specified as SI 
units for quantitative measurements of light. However in some cases, units other than SI] units are used. 
Tables ] <4 and 1:5 show conversion tables for ST units and nom-S1 units, with respect io luminance amd 
illuminance. Refer to these conversion tables as necessary. 


int = todimn* | 

Teh = jeden’ = 10° edi? 
fasbeiiecgm® 

1L= Vedi’ = 10° ® edier 





Taie 71-5: Ihuminance units 
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1.3. History 


1.3.1 History of photocathodes” 


The pooteelectic effect was discovered im |] ET by Hertz” through experiments exposing a negative elec 
trode to uliraviocet radiabon. In the mext year | B88, the phoboelectic effect was conclusively comfrmed by 
Hallwachs.” In 1889, Elster and Geitel” reported the photoelectric effect which was Induced by visible light 
striking am alkali metal (sodium-potassium). Since then, a vanety of expenment amd discussions on phobo- 
emission have been made by many scientists. As a result, the comoept proposed by Einstein (im the quantum 
theory in 1905), "On a Heuristic Wiewpoint Conceming the production and Transformatoon of Light", has 
been proven and accepied. 

During this bistoric period of achoevement, Elster and Getiel produced a photoelectric tube in 1913. Then, 
a compound photocathode made of Ag-OeCs (silver oxygen cesium, also called S21) was discovered im 1929 
by Koller” and Campbell”! This photocathode showed photoelectric sensitivity about teo orders of magni 
tude higher than previously used photocathode materials, achieving high sensitivity in the visible to near 
Infrared region. In 1930, they succeeded in producing a phobotube using this S-] photocathode. In the same 
year, a Japanese scientist, Asano reported a methoed for enhancing the sensitivity of silver in the S-1] photocath 
ade. Since then, various pootecathodes have been developed one after another, including bialkali phobocath 
odes for the visible region, nvultialkali photocathodes with high sensitivity extending to the infrared region 
and alkali halide photocathodes intended for ultraviolet detection." 


In addition, photocathodes using [-V compound semiconductors such as Gas!" and InGaAs?" 
have been developed and put into practical use. These semiconductor photocathbodes have an NEA (negative 
electron affinity) stroctare and offer high sensitreity From the oliraviolet through near infrared region. Cur- 
rently, a wide vwanety of photomultiplier tubes utilizing the above photocathodes are available. They are se= 
lected and used according bo the application required. 


1.4.2 History of photomultiplier tubes 


Photomuliplier tubes have been making rapid progress since the development of pootecathodes and sec 
ondary emission multipliers (dyoodes). 

The first report on a secondary emissive surface was made by Austin et al.’ in 1902. Since that time, 
Teseanch into secondary emissive surfaces (secondary electron emission) has been camied out to achieve higher 
electron multiplication. In 1935, Lams et al“ succeeded in producing a triode photomultiplier tube with a 
Phobocathode combined with a single-stage dymode (secondary emissive surface), which was used for movie 
sound pickup. In the next year 1996, Zworykin et al.“ developed a photomultiplier tabe having multiple 
dynode stages. This tube enabled electrons to trvel in the tobe by wsing an electric field and a magnetic field. 
Then, in 1939, ¥worykin and Rajchman’™! developed an electrostatic-focusing type photomultiplier tabe (this 
1s the basic structure of photomultiplier tubes currently wed). In this phodomoultiplier tube, an Ag: OCs pho 
tocaihode was first used and Jaber an Sbe(Cs photocathode was employed. 


An ooproved photomultiplier tube structure was developed and announced by Morton in 1949°"! and in 
1956.°"' Since then the dynode structure has been intensively studied, leading to the development of a variety 
of dynode structures including circular-cage, linear-focused and box-and-grid types. In addition, photomulti 
plier tubes using magnmetic-focusing type multipliers,’ transmission-mode secondary-emissive surfaces’ |' 
and channel type multipliers” have been developed. 


At Hamamatse Photonics, the manufacture of various phototubes such as types with an Shes photocath 
ade was established in 1943. (The company was then called Homamatso TY Co., Lid. ontil 1983.) In 1959, 
Hamamatsu Photonics marketed side-on photomuloplier tubes (921A, [P21 and R106 having an Sb-(*s pho 


1.3 History i 


tocathode) which have been widely in spectroscopy. Hamamatsu Photonics also devwejoped and marketed 
side-on photomultiplier tubes (R132 ond B36) having an Ag: Bi-()}-Cs photocathode in 1962_ This phoiocath: 
ode had higher sensitivity in ihe red region of spectrum than that of the Sbe-Cs photocathode, making them 
best suited for spectroscopy in those days. In addition, Hamamatsu Pootontes put head-on photomultipber 
tubes (6109 with an Shes phobocathode) on the market im 1965. 


In 1967, Hamamatsu Photonics introduced a 12-inch diameter side-on photomulopuer tube (R00 wath an 
SbeCs photocathode) which was the smallest tube at that me. In 1969, Hamamabu Photonics developed amd. 
marketed photomultiplier tubes having a multialkali (Na: KeCs:Sb) photocathode, R446 (side-on) amd R375 
(head-on). Then, in 1974 a new side-on photomultiplier tube (R925) was developed by Hamamatsu Photonics, 
which achiewed much higher sensittvity im the red to near infrared region. This was an epoch-making event m 
terms of enhancing photomultiplier tube sensitivity. Since that me, Hamamatsu Photonics has continued to 
develop and produce a wide vanety of state-of-the-art photomulapier tubes. The current product line ranges 
in size from the world’s smallest 3/S-inch tubes (R165) to the work's langest 20-inch hemispherical tubes 
(R.1449 and R600). Hamamatsu Photonics also offers ultra-fast photomltipber tubes using a microchannel 
plate for ihe dynodes (R306 with 2 hme resolutoon of 30 picoseconds) and meshedynode type photomult: 
plier tubes (R5924) that maintain an adequate gain of 1 even in high magnetic fields of up to one Tesla. 
Kforce recently, Hamamatsu Pootonics has developed TO-3 metal package type photomultiplier tuhes (RT400) 
using metal channe! dynodes, various types of postipon-sensitve photomultiplier tubes capable of position 
detection, and flat panel photomultiplier tubes. Homamatsa Photonics is constantly engaged in research and 
development for manufacturing 2 wide vanety of photomultiplier tubes bo meet a wide range of application 
needs. 
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CHAPTER 2 


BASIC PRINCIPLES OF 
PHOTOMULTIPLIER TUBES ">! 





A piotomiltiniver mb: is a vacuind tobe consisting of on iipat window, a 
photocathode. facusing electrodes, an electron multiplier and an anode azu- 
ally sealed into an evacuated glass tube. Figure 2-/ shows the schematic 
coirnchen ofa photoinltinier Mabe. 
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Figure 2-1: Construction of a photomultiplier tubs 


Look who eaters ¢ photomalipiier ibe is detected and produces an 
outpul soon thiwaek the following procesres. 

(J) Liste punores inoue fhe capil widow. 

(2) Lick: excites fe electrons in the photocathode so that photoelec- 
Prong one eenited inte fhe vec fecternal phtoelectric effect). 

(7) Photoelectrons are accelerated and focused by the focusing elec- 
rode one the fire dvidde where they ore muiipiied by means of 
secuidinry élecnen emission. This secondary enision if repedied 
at each of ihe successive dynodes, 

(4) The sniniplied secondary electrons ested from the lost dyna are 
Aaaily collected by rhe anode. 


TAs chapter descmbes the principies of paofoelectron ermirsian, eecinmin inc 
Jectory, and ife desten and function of cecion muilipliers. De efectron mut 
Piller: weed for photomailipiier twhes are Classified iaie fee fypes: normal dir- 
crete dpnddes cansiniag of multiple stages and continous: dyaddes sack ar e- 
crachoanel piafes. Since bath types of dynodes aifer comiderohly in aperafing 
principle, mbotamailipiier fabes asing sucmmchocane! piafes (MCP-PAMT Ss) are 
sepanctely described in Changer JO. Furthermore, electron multiouers for vari 
ous particle Oeams oad jon defectors ane descwssed in Chapter J2_ 
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2.1 Photoelectron Emission® ” 


Photeelectric conversion is broadly classified into external photoelectric effects by which photoelectrons 
are emitted into the vacuum from a maternal and mternal photoelecitic effects by which photoelectrons are 
excibed imbo the conductpon band of a material. The photocathode has the former effect and the latter are 
Tepresenbed by the pootoconductive or photovoltaic effect. 

Since a photocathode is a semacomductor, itt. can be descnbed using band models as shoen in Figure 2-2: (1) 
alkali photocathode and (2) [1-¥ compound semiconductor photocathode. 

(1) ALKALI PHOTOCATHODE 
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Figure 2-2: Photocaiiode band models 


In a semiconductor band model, there exist a forbidden-band pap or energy pap (EG) that canmot be oocu: 
pied by electrons, electron affinity (EA) which is an interval between the conduction band and the vacuum 
lewe! barter (vacuum bevel), amd work fonction (4") which is an energy difference between the Fermi level and 
the vacumm level. When photons stoke a photocathode, electrons in the valence band absord photon energy 
(hy) and become excited, diffusing toward the photocathode surface. [f the diffused electrons have enough 
energy to overcome the vacuum level barmer, they are emotied inio ihe vacuum as photoelectrons. This can be 
expressed im a probability process, and the quantum efficiency Tir), 1¢., the rateo of ovtpui electrons to 
Incident photons 15 given by 


nv) = (1-R) (=) Ps 


> refiecton coetficiant 
K > ful absorption coefficient of protons 
Py: probability that light absorption may 
excite alactrons to a ‘evel gree 
L 2 mean escape length of excited electrons 
Ps: probability that electrons reaching the photocathode « 
may be released into the vacuum 
¥ o> frequency of light 


In the above equation, if we have chosen an appropriate material which determines parameters FR, k and Py, 
the factors that dominate the quantum efficiency will be L (mean escape length of excited electrons) and Ps 
(probability that electrons may be emitted into the vacuum). L becomes longer by use of a better crystal amd 
Ps greatly depends on electron afimity (EA) 






Figure 2-2 (2) shows the band model of a photocathode using IIl-V compound semiconductors." If a 
surtace layer of electropositive material such as Cs20 i applied to this photocathode, a depletion layer ts 
formed, causing the band structure to be bent downward. This bending can make the electron affinity mega 
tive. This state 1s called NEA (negative electron affinity). The NEA effect increases the probability (Ps) that 
the electrons reaching the photocathode surface may be emitted into the vacuum. In particular, it enhances the 
quantum efficiency at long wavelengths with lower excitation energy. In addition, it lengthens the mean es. 
cape distance (L) of excited electrons due to the depletion layer. 


Photocathodes can be classified by phoioelectron emission process into a reflecbon mode and 2 tramsmis« 
sion mode. The reflechon mode photocathode is usually formed on a metal plate, and photoelectrons are 
emitted in the opposibe directbon of the incident light. The transmission mode photocathode is usually depos 
ited as 2 thin film on a glass plate which is optically transparent. Photoelectroms are emitied in the same 
direction as that of the meident light. (Refer to Figures 2-3, 24 and 2-5. ) The reflection mode photocathode 
is mainly used for the sideoon photomuliplier tubes which recerve ght through the side of the glass bulb, 
while ibe transmission mode photocathode ts wsed for the headeon photomultiplier tubes which detect the 
inpeat light through the end of a cylindrical bulb. 


The wavelength of maximum response and long-wavelength cutoff are determined by the combination of 
alkali metals used for the phobocathode and tts fabrication process. As an Inferuational designation, photo: 
cathode sensitivity’ | as a function of wavelength is registered as an "3S" namber by the JEDEC (Joint Electron 
Devices Engineering Council). This “S° number indicates the combination of a photocathode and window 
TMmatenal and at present, wombers from 4-1] thooagh 5-25 have been registered. However, other than 3<1, 5-11, 
S20 and 5:25 these numbers are scarcely wsed. Refer bo Chapter 4 for the spectral response characteristics of 
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2.2 Electron Trajectory 


In order to collect photoelectrons and secomdary electrons efficiently on a dymode and also to minimize the 
electron transit ime spread, electrode design must be optimized through an analysis of the electron trajec- 
tory. LF 1 

Electron movement in a photomultiplier tube is influenced by the electric Held whach is dominated by the 
electrode configuration, arrangement, and also the voltage apolied to the electrode. Numerical analysis of the 
electron bajecbory using high-speed, Capacty computers have come into use. This method divides the 
area tio be analyzed into a prid:like pattern to give boundary conditions, and obtains an approximation by 
Tepedting computations until the enor converges io a certaon level. By solving the equation for motion based 
an the potenhal distribution obtained using this method, the electron trajectory cam be predicted. 


When designing a photomultiplier tube, the etectron trajectory from the photocathode bo the fret dynode 
must be carefully designed in consideration of the photocathode shape (planar or spherical winders), the 
shape and arrangement of the focusing electrode and the supply voliage, so that the photoelectrons emitted 
from the photocathode are efficiently focused onto the first dynode. The collection efficiency of the first 
dynode is the rato of the member of electrons landing on the effective af the Grst dymode to the number 
af emitted photoelectrons. This is usually better than 60 to 90 percent. In some applications where the electron 
transit time needs to be minimized, the electrode should be designed mot only for optimum configuration but 
also for higher electric fields than usual. 


The dynode section is usually constmacted from several to more than ten stages of secondary-emissive 
electrodes (dynodes) having a curved surface. To enhance the collecbon efficiency of each dynode and mini 
mize the electron transit time spread, the optimum configuration amd arrangement should be determined from 
an analysis of the electron trajectory. The acrangement of the dynodes must be designed in order io prevent jon 
ar light feedback from the latter stages. 

In addition, various characteristics of a photomultipber twhe can also be calculated by computer simula 
on. For example, the collection efficiency, umformity, and electron transi tome can be calculated using a 
Monte Carlo simulation by setting the initial conditeons of photoelectrons and secondary electrons. This 
allows collectve evaluabon of phojomaltiplier tubes, Figures 2-3, 29d and 2:5 are cross sechoms of photomul 
tiplier tubes having @ corcular-cape, box-and:-grid, and linear-focused dynode simoctares, respectively, show 
Ime their typical electron trajecbories. 
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Figure 2-3: Circular-cage type 
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Figure 2-4: Box-and-grid type 
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23 Electron Multiplier (Dynode Section) 


Avs stabed abowe, the potential distibution and electrode structure of a photomuloplier tube 1s designed to 
Provide opimum performance. Photoelectrons emitted from the photocathode are multipbed by the first dyn 
ode through the last dynoede (up to 19 dynodes}, with current ampeification ranging from 10 to as moch as 1O8 
times, and are finally sent io the anode. 


- s iTeHh 


Kelajor secondary missive las. used for dynodes are alkali antimonide, beryllium onide (Bet), 
magnesium oxide (hipO), galuum phosphide (GaP) and galobum phosphide (Gass). These materials are 
Onated onto a substrate electrode made of nickel, stainless steel, of copper-berylimm alloy. Figure 2-6 shows 
a model of the secondary emission multiplication of a dynode. 
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Figure 2-6: Secondary emission of dynode 
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Figure 2-7: Secondary emission ratio 


When a pomary electron woth intial emergy Ep strikes the surface of a dynode, 6 secomdary electrons are 
emitted. This 4, the number of secondary electrons per promary electron, 1s called the secondary emission 
rabo. Preure 2:7 shoes the secondary emission ratio 4 for vartous dynode materials as a function of the 
accelerating voltage for the primary electrons. 


Ideally, ihe coment amplification or gain of a photomultiplier tube having the number of dymode stages n 
and the average secondary emission mabe 4 per stage will be 9". Refer to section 4.2.2 in Chapter 4 for mare 
details on the gain 

Because a variety of dynode structures are available and their gain, time response and limearity differ 
depending on the number of dymode stages and other factors, the optimum dynode type must be selected 
according io your application. These characteristics are described in Chapter 4, sectpon 42.1. 


2.4 Anode 


The anode of a photomultiplier tube 1s an electrode that collects secondary electrons muloplied in the 
cascade process through multtestape dynodes and outputs the electron current io an extemal circuit. 


Anodes are carefully designed to have a structure optimised for the electron tajectones discussed previ 
qusly. Generally, an anode is fabricated in the form of a rod, plate of mesh electrode. One of the most impor 
tant factors in designing an anode is that an adequate potential difference can be established betorcen the last 
dynode and the anode in order to prevent space charge effects and obtain 2 large output current. 


240 Anode 14 
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CHAPTER 3 


BASIC OPERATING METHODS 
OF PHOTOMULTIPLIER TUBES 





Tis section provides the first-time photomuininlier tae wwrers with 
general information on Aow to choose ihe ideal photomultiplier tbe 
fatten abbreviated as PMT), how fe operate them correctly and Row fe 
Bracess the output sionals. Pfas section should be referred fo as 0 quick 
guide. For more details, refer to the following chapters. 
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3.1 Using Photomultiplier Tubes 


3.1.1 How to make the proper selection 


@-| A= \j>-s- 


LIGHT SOURCE SAMPLE MONOCHROMATOR FPRIT 
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Figure 3-1; Atomic absorption application 


Figure 3-1 shows an application example in which a photomulbplier tube is used in absorplion spectros 
copy. The following parameters should be taken into account when making a selection. 


Incident light canditions 
_ nc - «<Photomulipier tuibes> «<Circyit Conditions 
Light wavelength 


Light iricnsity Signal processing method 
(analog of digital method) 





Viewing conbguraton (sada-on of head-on) 
| Speed of optical phanomencn | Time response Bardeidin of assomated circuit 





Ttis important to know beforehand the conditions of the incident light io be measured. Then, choose a 
photomultiplier tube that is best suibed to detect the incident ight and also sedect the optimum circuit cond 
thons that match the application. Referring to the table abowe, select the opimum photomulipler tubes, oper 
ating conditions and circurt configurations according to the incident light wavelengih, intensity, beam size and 
the speed of optical phenomenon. More specific information on these parameters and conditions are detailed 
In (Chapter 2 amd later chapters. 


3.1.2 Peripheral devices 


Acs shown in Figure 3°32, operating a phobonoultqpber tobe requires a stable source of high voltage (wormally 
1 to 2 klowolts), voliage:divider circuit for distributing an optimum voltage io each dymode, a bousing for 
extemal light shielding, and sometomes a shield case for protecting the photomultiplier tube from magnetic or 






#lectric fields. 
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Figure 3-2: Basic operating method 


High-voltage power supply 
A negative of positive high-woltage power supply of one te two kidovolts is usually required to operate 
a photomultiplier tube. There are two types of power supplies available: modular power supplies Like that 
shorn in Preure 3:2 and bench-top power supplies like that shoern in Figure 3-4. 





High wiltage cadput -1250 V High wirhages cutgrut: -1500) 
Current outgat: 600 pA Cures output: 1 A 


Figure 3-3: Modular high-voltage power supply Figure 3-8: Bench-top high-voltage power supply 
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simce the gain of photomultiplier babes is extremely high, they are very susceptible to wariations in the 
high-voltage power supply. If the outpat stability of a photomultiplier tube should be maintained withm 
one percent, the power supply stability must be held within 0.1 percent. 


Voltage-divider elreult 
SUppoy wollape must be distoibated to each dymode. For this purpose, a voltage-divider circu & usually 
used to divide the high voltage and provide a proper voltage gradient between each dynode. To allow easy 


opernion of photomultplier tubes, Mamamatsu provides socket assemblies that incorporate a photamuli 
Plier tube socket and a matched divider circuit as shown in Pigutes 3.5 io 3.8. 


(1) Detype socket assembly with buolteim divider circuit 
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Figure 3-5: Detype socket assembly 


(2) DA:type socket assembly with bailtim divider circuit and amplifier 
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Figure 3-4: DA-type socket assembly 
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(3) DP: type socket assembly with built-in voltage divider and power supply 
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Figure 3-7: DP-type socket assembly 


(4) DAP type socket assembly wath boiltein voltage divider, amplifier and power supply 
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Housing 


Since photomultiplier tubes have very high sensitivity, they may detect extraneous light other than the 
light to be measured. This decreases the signal-to-noise rabo, so a bousimg is required for external ight 
shielding. 

Photomultipber tube characteristics may vary with extemal electromagnetic fields, ambient tempera 
ture, bumadity, or mechanical stress applied io the photomuliplier tube. For this reason, a magnetic or 
electric shield is also required io protect the phojomultiplier tube from such adverse environmental factors. 
Moreover, a housing 15 sometimes used to maintain the photomuloplier tube at a constant tempera 
ture or at a low temperature for more stable operatvon. 
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Figure 3-9: Housing (with built-in magneth: shield case) 
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Integral power supply module 
To make the use of photomultiplier tubes as easy as possible, Hamamatse Photonics provides PMT 
modules which incorporate a photomuloplier tube in a compact case, along with all the necessary compo 
nents such as a high-voltage power supply and operating circuit. (Figure 2-10) 
PMT modules are easy to handle since they operate by supplying only 15 wolts, making the equipment 
compact and simple to use. 
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Figure 3-10: Structure of an integral power supply module 


Various types of PMT modules are availabie, including those thai have internal gate circuits, photon 
counting citcuits of modulation circuits. Refer to Chapter § for detailed information. 
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3.1.d Operating methods (connection circuits) 


The outpat from a photomultiplier babe can be processed electrically as a constant current source. lt 
best, however, io conmect It to an optimum circurt depending on the incident light and frequency character 
istics required. Figure 3-1] shows typocal light measurement circuits which are commonly used. The DC 
method and AC method (analog method) are mamly used in rather high light levels to moderate ght 
levels. Ad wery low light bevels, the photon counting method is most effective. In this method, light 
measured by counting individual photons which are the smallest unit of light. 


The CXC method shown in Figure 2-11 (a) detects DC components in the phojomultiplier tabe output by 
means of an amplifier and a lowpass filter. This method 1s sudted for detection of relatively high light levels 
ond has been widely used. The AC method shown in (bj extracts only AC components from the photomul 
fiplier tube output via a capaciiorg and converts them into digital signals by using an AD converter. This 
method is wsed in regions where modulated light or bghi intensity is low and the AC components are 
predominant in the output signal over the DC components. In the photon counting method shown in {cc}, 
the output pulses from the photomultiplier tobe are amplifted amd only the pulses with an amplitude higher 
than the preset discrimimation pulse height are counbed as pooton signals. This method aloes observabon 
of discrete ootput pulses from the photomultiplier tube, and 1s the most effective technique in detecting 
wery bow light levels. Other measurement methods include a lock-in detechon technique using an optoal 
chopper, which features low noise and is used for detecting low:light-level signals_ 
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Figure 311: Light measurement methods using PMT 


These light measurement methods using a photomuloplier tube and the connection circuit must be 
optimised according io the imbensity of incident light amd the speed of the event to be detected. In partecu 
lar, when the incident light is very low and ibe resultant sigmal is small, comsidera2iion most be given bo 
minugmize the influence of moose im the succeeding circuits. As stated, the lock-in detection technique and 
Photon counting method are more effective than the DIC method in detecting bow level light. When the 
incident ight io be detected changes in a very short pemod, the connected circust should be desigmed for a 
Wider frequency bandwidth as well as using a fast response photomuliplier tube. Additionally, impedance 
matching at high frequencies must also be talben into account. Refer to Chapters 5 and 6 for more details on 
these precautions. 


CHAPTER 4 


CHARACTERISTICS OF 
PHOTOMULTIPLIER TUBES 





This chamer details various characteristics of photomuliplier tubes, 
including basic and performance. Por example, section 4 shows spec- 
tral response characterintics of typical photocatiodes and also gives 
the definition of pRofecaifode sensitivity dnd tts méeaswrement prace- 
dure. Section 42 explains advaode types, siructures and trical char- 
acteristics. 4ection 4.3 describes various performance Characrerisnics 
SCH as time response, operating stability. Sensiivity. wMiformury, ad 
slona!-to-noise ratio as well as their definitions, measwrement prace- 
dures dnd speciic product examynles. [f also provides precaumons and 
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4.1 Basic Characteristics of Photocathodes 


This sechon introduces photecathodes and window materials which have been used in practical appbca 
thons from the past to the present and also explaims the terms used to define photocathodes such as quantum 
efficiency, radiant sensitivity, and lumimous sensitivity. 


4.1.1 Photocathode materials 


Most photocathodes /°" are made of compound semiconductors which consist of alkali metals with a low 
work function. There are approxmmately ten kinds of photocathodes currently employed in practical applica 
thons. Each photocathode is available as a transmission (semitramsparent) type of a reflection (opaque) type, 
with different device characterisiics. In the early 1940's, the JEDEC (Jom Electron Devices Engineering 
Council) introduced the “S number” io designate photocathode spectral response whoch 15 classified by the 
combination of ihe photocathode and window material. Presently, simce many photocathode and window 
maienals are available, the “S nomber” is mo longer frequently osed except for S<1, 5-20, etc. The photocath 
ade spectral response 1s Instead expressed in terms of material type. The photocathode materials commonly 
used in photomultiplier tubes are as follows. 


(1) Csi 

(se 1s mot sensitive to solar radiation and therefore often called “solar blind’. Its sensitivity sharply falls 
off at wavelengths longer than 200 nanometers and itis exclusively used for vacuum ultraviolet detecton. 
As a -@indow maternal, MgF; crystals of synthetic silica are used because of high ulbaviolet transmittance. 
Although Csel tielf has high semsitvity io wavelengths shorter than 115 nanometers, the hig; crystal 
used for the input window does not bansmot wavejengths shorter than 1145 nanometers. 

To measure light with wavelengihs shorter than 115 nanometers, an electron muloplier having a first 
dynode on whoch Cesel & deposited is often used with the input window removed (in a vacuum). 


(2) Cs-Te 
(CseTe 1s oof sensitive to wavelengths longer than 300) nanometers amd is also called “solar blind” just as 
with Cs-1. With Cs-Te, the tamemission type and reflection type show the same spectral response range, 
bat the reflection type exhibits higher sensitivity than the transmission type. Synibetc sila or MgF; 
usally ased for the mput window. 


(3) Sb-Cs 
This photacathode has sensitively in the ultraviolet lo visible range, amd 1s wadely used in many apph- 
cabions. Because the naistance of the Sb-Cs photocathode is bower than that of ihe bialkali photocathode 
ihescribed laber on, 1118 sumted for applications where Inght intensity to be measured 14 relatively igh so 
thal 2 large current can flow in tbe cathode. Sb-(Cs is also sualable for applications where the photecathode 
iS cooled a0 Ils resislance becomes larger and causes problems wath the dynamic range. Sb-Cs is chaefly 
ual for reflection type pholocalbode. 


(4) Bialkall (Sb-Ab-Cs, Sb-K-Cs) 

Simoe two kinds of alkali metals are employed, these photocathodes are called “bialkali”. The tammis 
sion type of these phoiocathodes has a spectral response range similar to the SbelCs photocathode, but has 
higher sensitivity and lower dark current. It aso provides sensitivity that matches the emisston of a Nal TT) 
scintillator, thus being widely used for scintillation counting In radiation measurements. On the other 
hand, the reflection-type bialkali photocathodes are fabricated by using the same materials, but different 
processing. “is a result, they offer enhanced sensitivity on the long wavelength side, achieving a spectral 
response from. the ultraviolet regpon to around 700 mancomedters. 
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(5) High temperature, low noise bialkall (Sb-Na-K) 
As with bialkali photecathodes, two kimds of alkali metals are used in this photocathode type. The 
spect. response range is almost identical bo that of bialkali photocathodes, bot the sensitivity is somewhai 
ewer. This photocathode can withstand operating temperatures up to 175°C while other mormal photo- 
cathodes are guaranteed to no higher than 30°C. For this reason, it is ideally suited for use in oil well 
Lgeing where pootemultipber tubes are often subpected to high temperatures. In addition, when used at 
room temperatures, thas photocathode exhibits very low dark cumrent, which makes it very wseful in low: 
Lewel Inght measurement such as photon counting applicahons where low noise 1s a prerequisite. 


(6) Multialkall (Sb-Na-K-Cs) 

This pootocathode uses three of more kinds of alkali metals. Owe io high sensitivity over a wide spectral 
response range from the ultraviolet through near infrared region around #50 nanometers, this photocath= 
ode is widely wsed im broad-band spectrophotometers. Hamamatsu also provides a moultialkali photocath: 
ode with long wavelength response extending out io S00 nanometers, which is especially useful in the 
dejechon of gas phase chemiluminescence in NOn, ec. 


(7) Ag-O-Cs 
Trnmsmiesion type photocathodes using this matemal are sensitive from the visible through near infrared 
region, from 300 to 1200) nanometers, whale the reflection type exhibats a slightly narrower spectral re- 
sponse region from 300 to | 1) nanometers. Compared to other photocathodes, this photocathode has 
Lower sensitivity in the visible region, but it also provides sensitivity at longer wavelengths im the near 
Infrared region. So both transmission and reflection type Ap OeCs phoiocaihbodes are chiefly used for near 


(8) GaAsP (Cs) 

A GaAsP crystal actrvated with cesium is used as a transmission type photocathode. This pootecathode 
does not have sensitivity in the ulbbaviolet region but has a very high quantom efficiency im the visible 
region. Note that if exposed to incident light with high intensity, sensitivity degradation is more likely bo 
ooour when compared wath other pootecathodes composed of alkali metals. 


(3) GaAs (Cs) 

AGass crystal actrvated with cesium is used for both reflection type and transmission type pootocath: 
odes. The reflection type GaisitCs) photocathode has sensitivity across a wide range from the ultraviolet 
through near infrared region around &O) nanometers. [t demonstrates a nearly flat, highesensibvity spectral 
response curve from 3200 amd 850 nanometers. The transmission type has a narmower spectral response 
range because shorter wavelengths are absorbed. [1 should be noted that if exposed to incident light with 
high intensity, these photocathodes tend io suffer semsitwity degradation when compared wiih other photo 
cathodes primarily composed of alkal metals. 


(10) InGaAs (Cs) 
This photocathode provides 2 spectral response extending further into the infrared regton than the Gasis 
photocathode. Additvonally, it offers a supertor signal-to-noise rabo m the meaghborhood of SOO to LOO 
nanometers in comparison with the Ag-Oe(s photocathode. 


(11) InP/inGaAsP(Cs), InP/inGaAs(Cs) 

These are feld-assisted photocathodes utilizing a PN junction fonmed by growing InP/{InGaAsP or InP 
InGaAs on an InP substrate. These photocathodes were developed by our own Inchouse semiconductor 
microprocess techawlogy. '" Applying a bias voltage to this photocathode lowers the comduction band 
barrier, and allows for higher sensitivity at long wavelengths extending to 1.4 wm or even 1-7 wm which 
have up tll now been impossible to detect with a photomultiplier tobe. Since these photocathodes produce 
large amounts of dark current when used af room temperatures, they must be cooled to between 
60°C to -80°C during operation. The band model of these photocathodes is shown in Figure 4-1. 
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Figure 4-1: Band model 


Typical spectral response characteristics of mapor photocathodes are illustrated in Figures 4<2 and 4.3 
and Table 4-1. The JEDEC "5S nambers” frequently used are also listed in Table 4:1. The definition of 
photocathode radiant sensitivity expressed im the ordinate of the figures i explained in section 4.1.3, 
“Spectral response characteristics’. Note that Figures 4-2 and 4-3 and Table 4:1 only show typical charac 
beristics amd actual data may differ from tube to tube. 
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Figure 4-2 (a): Typical spectral response characteristics of reflection made photacathedes 
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Spectral response characteristics of transmission mode photecaihodes 


Figure 4-2 (Bb): Typical 
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Transmission mode photocathodes 
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Table 4-1! Quick reference for typleal spectral response characteristics (1) 
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Table 4-7: Quick reference tor typleal spectral response character 
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4.1.2 Window materials 


As stated im the previous section, most photecathodes have high sensitivity down to the uliraviolet region. 
However, because ultraviolet radiation tends to be absorbed by the window maternal, the short wavelength 


limit is determined by the ultraviolet of the window material. “'“! The window materials com 
manly used in photomultiplier tubes are as followers: 


(1) MgF, crystal 


The crystals of alkali halide are superiog in transmitting uliraviolet radiation, but have the disadvantage 
of deliquescence. A magnesium fluoride (MgF2) crystal is. used as a practical window material because tt 
offers very low deliquescence and allows tansmission of vacuum ultraviolet radiation down to 1145 ma- 
mometers. 


(2) Sapphire 
Sapphire is made of AleOh crystal and shows an intermediate transmittance between the U'V>transmit 
Hing glass and synthetic silica in the ultraviolet region. Sapphire glass has a short wavelength cutoff in the 
neighborhood of 150 nanometers, which ts slightly shorter than that of synthetoo silica. 


(3) Synthetic silica 


Synthetic silica bansmits ultravialet radiation down 
to 160 nanometers amd in comparison to fused silica, 
offers lower levels of absorption in the ultraviolet re: 
gion. Since silica has a thermal expansion coefficient 
greatly different from that of the Kovar alloy For 
the siem pains (leads) of photomultmpiier tubes, if 1s 
root sutted for use os the bulb stem ws a result, a boro: 
sllpcate glass is used for the bulb stem and then a 
praded seal, using glasses with gradually changing 
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thermal expansion coefficient, is commected bo the syn: 
thetic silica bulb, as shoen im Figure de4. Because of eee 


this structure, the graded seal is very fragile and proper Fl 4-4: Grated seal 
care should be ken when handling the tube. In addi: 

bon, heliam gas may permeate through the sitca bulb 

and case an increase in noise. Avoid operating of 

oring such tubes in environments where helium 1s 

Present. 


(4) UV glass (UV-transmitting glass) 


As the name omplies, thas transmits ulaviolet radiaben well. The short wavelength cutoff of the UY 
glass extends to 185 nanometers. 


(5) Borosilicate glass 


This is the most commonly used window material. Because the borosilicate glass has a thermal expan 
gion coefficient very close to that of the Riowar alloy which 1s used for the Jeads of photomultiplier tobes, it 
is Often called “Kovar glass”. The borosilicate glass does not tramsmit uliaviolet radiation shorier than 300) 
nanometers. [it is mot suited for ultraviolet detection shorter than this wavelength. Moreower, some types of 
head-on photomultiplier tubes using a bialkall phodocathode employ a special borosilicate plass (so-called 
“Ke: free glass”) containing a wery small amount of potassium (Kk) which may Cause unwanted bhackeround 
counts. The Kefree glass is mainly used for photomuliplier tubes designed for scontillahon counting where 
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low background counts are desirable. For more details on background nome caused by K™ refer to section 
4.3.6, “Dark current”. 


Spectral tamsmittance characteristics of various window materials are shown in Figure 4.5. 
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Figure 4-5: Spectral transmittance of window materials 


4.1.3 Spectral response characteristics 


The photocathode of a photomuloplier converts the energy of Incident photons into photoelectrons. The 
oomvenion efficiency (photocathode sensitivity) varies with the incident light wavelength. This relationship 
between the photocathode and the incident light wavelength 1s referred to as the spectral response character 
istics. In general, the spectral response characteristics are expressed im terms of radiant sensitivity and quan 


tum efficiency. 


(1) Radiant sensitivity 


Radiant sensitivity is defined as the photoelectric current pemeraied by the photocathode divided by the 
incident radiant flux ata green wavelength, expressed in units of amperes per watts (AW). Furthermore, 
relative spectral response characteristics in which the maximum radiant sensitivity 15 normalized to JOCK, 
are also conveniently sed. 


(2) Quantum efficiency 


Quantum efficiency is the number of photoelectrons emitted from the photocathode divided by the 
number of incident photons. Quantum efficiency is symbolised by 1 and is generally expressed as 2 per 
cent. Incident photons transfer energy to electrons in the valence band of a photocathode, however not all 
Of these electrons are emitted as photoelectrons. This photoemission takes place according to a certain 
probability process. Photons at shorter wavelengths carry higher energy compared to those at longer wave 
lengths and conbibute io am increase in the photoemission probability. As a result, the maximum quantum 
efficiency occurs at a wavelength slightly shorter the wavelength of peak radiant sensitivity. 
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(3) Measurement and calculation of spectral response characteristics 
To measure radiant sensitivity and. efficiency, 0 standard phobotube or semiconductor detector 
which is precisely calibrated is used as a secondary stamdard. At first, the incident radiant flux L, at the 
wiveleneth of interest is measured with the standard phoiotwhe of semiconductor detector. Next, the pho 
tomuliipleer tube to be measured is set in place and the photocurrent Ik is measured. Then the radiant 
sensitivity Sk (AJA) of the photomultiplier tube can be calculated from the following equation: 


K a 
oe 7 GE ereerreerraerrerserrercerserrarenrerrercaniarcnrearercarcercen (Fie ill) 


The quantum efficiency 7] can be ottamed from Sk using the following equation: 


oy 1249 | 
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h: 6610s 
1 300xK10'ms' 
@: L109" 
where his Planck's constant, A is the wavelength of incident ight ( mamometers), cm the velocity of light 
in vacuum and ¢ 1s the electron change. The quantom efficiency 7 1s expressed im percent. 


il response range (short and long wavelength limits) 





The wavelength af which the spectral response drops on the short wavelength side 1s called the short 
wavelength mit or cutoff while the wavelength af which the spectral response drops on the long wave 
length side is called the jong wavelength limit or cutoff. The short wavelength limit 1s determined by the 
window maternal, while ihe long wavelength limit depends on the photocathode material. The range be 
tween the short wavelength lumat and the jong wavelength lomit ts called the spectral response range- 


In this handbook, the short wavelength limit & defined as the wavelengih at which the meident light 
abruptly absorbed by the window material. The long wavelength limit is defined as the wavelength at 
which the photocathode sensttreity falls to | percent of the maximum sensitivity for bialkali and Apes 
Phoiocathodes and 0.1 percent of the maximum sensitvity for multialkal: photocathodes. However, these 
wavelength limits will depend on the actual operating conditions such as the amount of incident lighi, 
Photocaihode semsitvity, dark current and signal-to-noise mito of the measurement system 


4.1.4 Luminous sensitivity 


The spectral response measurement of a photomultiplier tube requires an expensive, sophisticated sysiem 
and also takes much tome. [tis therefore more practical to evaluate the sensitivity of common photomulipler 
tubes In terms of luminous sensitraty. The 1uminance on a surface one meter away from 2 point light source 
af one candela (cod) i one lux. One lomen equals the luminous flux of one lux passing an area of one square 
meter. Luminous sensitvity is the output current obtained from the cathode or anode divided by the mecident 
luminous flux (lomen) from a tungsten lamp at a distribution temperature of 2RS6K.. In some cases, a visual 
compensation filter is interposed between the photomulbplier tube and the ght source, but in most cases i is 
omitted. Figure 496 shows the visual sensitevity and relative spectral distibution of a 2856K tumgsien lamp. 
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Figure 4-6: Response of eye and spectral distribution of 2656 K tungsten lamp 


Laminous sensitivity 1s a convenient parameter when comparing the sensitvity of photomultiplier tubes of 
the same type. However, it should be nobed that “lumen® is the unit of bwminous flax with respect to the 
standard visual sensiteity amd there 1s no physical significance for phobomuloplier tubes which have a spec 
tral response range beyord the visable region (350 to 750 nanometers). To evaluate photomuliipber tubes. 
using (s°Te of (Cs-] photocathodes which are insensitive to the spectral distribution of a tungsten lamp, radi 
ant sensitivity at a specific wavelength 1s measured. 

Luminous sensitreity i divided into two parameters: cathode lumimous sensitvity which defines the photo 
cathode performance and anode luminous sensitwity which defines the performance characteristics after mul. 
faplication_ 


(1) Cathode luminous sensitivity 
Cathode luminous sensitivity’ |"! is defined as the photoelectron current generated by the photocathode 
(cathode current) per lwmingus flux from a tungsten lamp operated at a disttibution tempermture of 2E56K. 
In this measurement, each dynmode is shorted to the same potential as shown im Figure 4-7, so that the 
photomultiplier twhe is operated as a bipolar tube. 
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Figure 4-7: Cathode hominows sensitivity measuring diagram 
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The incident luminous flux used for measurement is in the range of 10° to 10° lumens. If the luminous 
Flux 1s too large, measurement error may oocur due io the surface resistance of the photocathode. Conse- 
quently, the optimum luminous flux must be selected according to the photocathode size amd material. 


A. Pooammeter monly used te measure the photocurrent which changes from several nanoampertes 

PTOpMate countermeasures. a leakage current amd other possible noise 

source must be taken. in siden, Yat cee en enc contamination on the socket or bulb stem amd to keep 
ambient Gumadity lewels low so thet an adequate electtical safeguard is provided. 





The photomultiplier tobe should be operated at a supply voltage at which the cathode current fully 
saturabes. A voltage of 90 to 200 volts is usually appbed for this purpose. Cathode saturation characteristics 
are discussed in secHon 4.3.2, “Linearity”. The ammeter is conmected to the cathode via a serial joad 
resistance (Ry) of 100 kf? to | M2 for circuitry protection. 


(2) Anode luminous sensitivity 


Anode laminas : sensitivity |! is i Is defined as the anode output current per luminous flux imcident on the 


Photecathode. In this measurement, a proper voltage distribution 1s given to each edectrode as illustrated m 
Figure 4-8. Although the same tangsten Lamp that = used fo measure the cathode luminous sensitivity 
used again, the light flux is reduced to 10 "to 10° lumens using a neutral demsity filter. The ammeter is 
connected te the anode via the seres resistance. The voltage-divider resistors used in this measurement 


must have minimum tolerance amd pood temperature characteristics. 
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Figure 46: Anode buminous sensitivity measuring diagram 
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(3) Blue sensitivity index and red-to-white ratio 
Blue sensitvity index and red-to-whibe ratio are offen used for simple comparison of the spectral re- 
sponse of photomultiplier tubes. 


Blue sensitreity is the cathode current ootained when a blue filter is placed im front of the photomul 
plier tube under the same conditions for the luminous sensitivity measurement. The blue filter used is a 
Coming (Cs [vo.5-458 polished to half stock thickness. Since the light flux entering the photomultiplier tube 
has been transmitted through the blue filter once, 1 cannot be dorectly represented im lumens. Therefore ai 
Hamamatsu Photonics, tis expressed as a blue sensitvity Index wiihout using units. The spectral trans 
mittance of this blue filter maiches well the emission spectrum of a Nal(T]) scintillator (peak wavelength 
420 nanometers) which 1s widely used for scintillation counting. Photomultipler tube sensitivity io the 
scm lation flash correlaies well with the anode sensitwvity using this Glue filter. The bloe sensitivity index 
6 an important factor that affects emerey resolution m scintillation measurement. Por detailed information, 
refer to Chapter 7, “Scintillation counting”. 


The vedsto: white ratio is used to evaluate photomultiplier tubes ith a spectral response extending to the 
near infrared repo. This parameter is defined as the quotient of the cathode sensitivity measured with a 
red or near infrared filter interposed under the same conditions for cathode luminous sensibveity divided by 
the cathode luminous sensitivity without a filter. The filter used is a Toshtha IR.-DSOA for AgatCs photo: 
cathodes or a Toshiba Rf for ofer photocathodes. If other types of Alters are wsed, the redsto- white rato 
will vary. Figure 4-9 shows the spectral pamsmittance of these filbers. 
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Figure 4-9: Typical spectral transmittance of optical filters. 
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4.1.5 Luminous sensitivity and spectral response 


To some extent, there is a comelation between lumimous sensitivity and spectral response at a specific 
wavelength. Figure 4:10 descnbes the correlabon between luminous sensitivity, blue sensitivity index (CS.4 
SE) and red-to-whate rahe (Rok, IR-DSOA) as a fonction of wavelengih. 
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Figure 410: Correlation between luminous sensitivities and radiant sensitivity 


Ti cam be seen from the figure that the radiant sensitraty of a photomultiplier tube cocrelabes well wath the 
blue sensibvity index at wavelengths shorter than 450 nanometers, «ith the luminous sensitivity at 700 io SO) 
nanometers, with the red-to-white ratio using the Toshiba R-68 filter at 700 to 8OO nanometers, and wath the 
red-io:white ratio using ihe Toshiba IR.-DSOA filter at S00) nanometers of longer. From these correlation 
values, a photomultiplier tube with optimum sensitivity at a certain wavelength can be selected by simply 
measuring the sensitividy using a filter which bas the best correlation value af that wavelength rather than 
measuring the spectral response 
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4.2 Basic Characteristics of Dynodes 


This section introduces typical dynode types current]y in use and describes their basic characteristics: 
emlection efficiency and gain (current amplification). 


4.2.1 Dynode types and features 


There are a variety of dymode types available and each type exhibits different gain, time response, unifor 
tmolty and secondary-electron collecbon eMiciency depending wpon the structure and the number of stages. The 
optimum dynode type musi be selected according to application. Pigure 4<1] illustrates the cross sectional 
 whews of typocal dymodes and their features are boefly discussed in the following sections. KACP-PMT's incor 
porating a microchannel! plate for the dynode and photomulbplier tubes using a mesh dynode are respectively 
described in detail in Chapter 9 and Chapter 10. The electron bombardment type is explained in detail im 
(Chapter 11. 





(4) Venetian Blind Type 





(5) Maeh Type (6) Microchannel Plate Typo 
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Figure 4-11: Types of slectron multipliers 
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(1) Clrcular-cage type 


The circularscage type has an advantage of compactness and ts used in all side-on phobomulbplier tubes 
and in some head-on photomultiplier tubes. The circular-cage type also features fast time response. 


(2) Box-and-grid type 
This type, widely used in head-on photomuliplier tubes, ts superior in photoelectron collecbon efi 
chency. Accordingly, photomultiplier tubes using this dywode offer high detechon efficiency and good 
uniformity. 


(3) Linear-focused type 


As with the box-and:grid type, the linearsfocused type is widely used in head-on photomultiplier tubes. 
Its prime features Include fast hme response, good time resolution amd excellent pulse linearity. 


(4) Venetian blind type 


The venetian blind type creates am electric Held that easily collects electrons, and is mainly used for 
head-on photomultiplier tubes woth a large photocathode diameter. 


(5) Mesh type 
This type of dynode ases mesh electrodes stacked in close proxmmity to each other. There are two types: 
coarse mesh type and fine mesh type. Both are excellent in output linearity and have high inmumunity to 
magnetic Gelds. When used with a cross wire anode of mulhanode, the position of incident light can be 
detected. Pine mesh types are developed primarily for photomultiplier tubes which are used im high mag 
metho Gelds. (Refer to Chapter 9 for detailed information.) 


(6) MCP (Microchannel plate) 


Acmicrochanne! plate (AUCP) with | millimeter thickmess is used as the base for thas dynode stractare. 
This strocture exhibits dramatically improved time resolution as compared to other discrete dynode struc 
ture. [t also assures stable gain in high magnetic Gelds and provides position-sensitive capabilities when 
combined with a special anode. to Chapter 10 for detailed information.) 


(7) Metal channel 


This dynode structure qansists af extremely thin electrodes fabricated by aur advanced micromachining 
bechoisrey and precisely stacked according to computer simulation of ebeciran brayectories. Since each 
dymade 1s in Chess proximity to aoe another, the electron path bength 1s very short ensuring excelent ime 
Charactenstics and stable gain even in magnetic feldk. (Refer to Chapter 9 for detailed information.) 


(8) Electron bombardment type 


In this ype, photoelectrons are accelerated by a ingh voltage and strike a semiconductor 40 thal the 
Pphoteclecthon energy 15 bans ferred bo the semnscanductar, pradecing a pan. Thos simple structure features a 
emall none fipone, excellent uniformity and high Imearity. 


4.2 Haske Characteristics of Dynudes e 


The electical characteristics of a phofemultipler tube depend not only on the dymode type but also on 
the photocathode size and focusing system. sis a general guide, Table 4-2 summarizes typical performance 
Characteristics of head-on photomultiplier tubes (up to 2-inch diameter) classified by the dynode type. 
Magnetic characteristics listed are measured im a magnetic field in the direchion of the most sensitive tobe 
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Table 4-2: Typical characteristics for dynode types 


4.2.2 Collection efficiency and gain (current amplification) 


(1) Collection efficiency 
The electron mulipoer mechanism of a phobomulopier tube is designed with consideration to the elec 
fron trajectories so that electrons are efficiently moltiplied at each dymode stage. However, some electrons 
may deviate from their favorable trajectories, not contribubng to multiplication. 

In gemeral, the probability that photoelectrons will land on the effective area of the first dynode 
fenmed the collechon eficiency (2 This effective area is the area of the first dynode where photoelectroms 
can be multiplied effectively at the successive dymode stages without deviating from their favorable trajec- 
fordes. Although there exist secondary electrons which do not comtibute toe multiplication at the second 
dynode or latter dymodes, they will temd to have bess of am effect on the botal collection efficiency as the 
number of secondary electrons emitted increases greatly. So ihe photoelectron collecbon efficiency at the 
first dynode 1s important. Figure 4.17 shows typical collecbon efficiency of a 23-mm diameter head-on 
photomultipber tube (R608S) as a Function of cathode-to-first dynode voltage. If the cathode-to-first dyn: 
ode voltage is bow, the number of photoelectrons that enter the effective area of the first dynode becomes. 
bow, resulting im a slight decrease im the collection efficiency. 
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Figure 4-12: Collection efficiency ws. phatecaihade-te- iret dynode voltage 
Figure 4:17 shows that about 100 volts should be apolied between the cathode and the first dynode. ‘The 
collection efficiency influences energy resolution, detecbon efficiency and signal-to-noise rao im scintil. 
lation counting. The detecbon efficiency ts the rabo of the detected signal io the input signal of a phobo 


mulipoer tube. In photon counting this 1s expressed as the product of the phodocathode quantum efficiency 
and the callechon efficiency. 


(2) Gain (current amplification) 
Secondary emission ratio 4 is a function of the interstage voliage of dynodes E, amd is given by the 
Following equation: 
a ad ge" 8 ee ee ee (Eq. ah 
Where a is a constant and k is determined by the stmactore and maternal of the dynode and has a value 
Fromm 0.7 to 0.8. 


The photoelectron current [k emitted from the photocathode strikes the first dynode where secondary 
electrons [dl are released. At this point, the secondary emission ratio 4 at the first dynode is given by 


la 
I 1 = asacaianeaeaensnanianniaadainaaeiaaiiaiuaeapeniaia EES 
Ie (Eq. 4-4) 


These electrons are multiplied in a cascade process from the first dynode — second dynode — .... 
the meth dynode. The secondary emission ratio dn of neth stage 1s green by 
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The anode current [p is given by the following equation: 
Bey am DRE “Big + Big atemeermesemeecetecercetrreceeretrcetreeteerreeeeeneeenerre: (Eig. 4-6) 
Then 


- eka 9 as cic cnscceic eaten esha ce ie lessasboeeaces (Eq. 4-7) 


Where 1s the collection efficiency. 
The prodoct of a2, 4). 02 248 nis called the gain p (current amplification), and is given by the folloeing 
equation: 
Ph SDB Bg me By crrceerceercerecettrtertrcttcrcttrettrcrrrctttentetteenteerrerees (Hig. de) 
Avocording]y, mn the case of a photemuloplier tube wrth a=] and the number of dynode stages =n, which 
i operated using an equallysdistrabuted divider, the gain m changes in relabon to the supply voltage V_ as. 
follows: 


p= (aly =a" —|"= TN cccicsstscacnssicaitintinad cance Sag hills 


where A should be equal to a /{n¢+1)"_ From this equation, it is clear that the gain u is proportional to 
the kn exponenhal power of the supply voltage. Figure 4-15 shows typical gain vs. supply voltage. Since 
Figure 4-13 is expressed in logarithmic scale for both the abscissa and ordinate, the slope of the straight 
line becomes kn and the current multiplication increases with the increasing supply voltage. This means. 
that the gain of a packer twhe is susceptible io variabons in the high-voltage power supoly, such as 
dnft, apole, temperature stability, input regulabon, and load regulation. 
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Figure 4-13: Gain va. supply voltage 
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4.3 Characteristics of Photomultiplier Tubes 


This section descobes important characteristics for photomultipber tabe operation and their evaluation 
methods, and photomultiplier tube usage. 


4.3.1 Time characteristics 


The photomultiplier tube is a photodetector that has an exceptionally fast time response.) ""!""' The time 
Tesponse 1s determined prumarily by the transit Ome required for the photoelectrons emitted from the photo: 
cathode to reach the anode after being multiplied as well as the transit Ome difference between each photo 
electron. Accordingly, fast response photomultiplier tubes are desigmed to have a spherical inner window and 
carefully engineered electrodes so that the transit time difference can be mainimiced. 

Table 4.3 lists the Oming characteristics of 2-inch diameter bead-on photomultiplier tubes categonzed by 
their dynode type. As can be seen from the table, the bmearsfocused type and metal channe! type exhibit the 
best time characteristics, while the box:andegrid and venetian blind types display rather poor properties. 
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Table 4-3: Typical time characteristics (2-inch dia. phojomultiplier tubes) 





The ime response is mainly determined by the dyn 
ade type, but also depends on the supply voltage. In 
creasing the electric field intensity of supply voltage 
Improves the electron transit speed amd thus shortems the 
transit time. In general, the time response improves in 
Inverse proportion io the square root of the supply volt 
age. Pigure 4:]4 shows typical time characteristics vs. 
supply voltage. 

The following section explaims and defines phoiomoel 
tplier tobe hme characteristics and their measurement 


Tot 





TT 
Ft Td 
| TT Ta 
naiiininanmas 
Le | | Be 
ae tia 


Pt 
| tT TT 
Pt 
Lt tae 
Lt LTT 
Lt 











SUPPLY VOLTAGE iV 


fei gala 


Figure 4-14: Time characteristics vs. supply 
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(1) FAilse time, fall time and electron transit time 


Fugue 4.15 shows a schematic diagram for ime response measurements and Figure 4-16 illustrates the 
deGnitions of the rise hme, fall time and electron transit ime of a photomultiplier tube output 
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Figure 4-15: Measurement black diagram for mise Tall times and Hlectran transit time 


A. pulsed laser diode & used as the light source. Its pulse width is sufficiently short compared to the light 
fulse width that can be detected by a phodomultiplier tube. Thus if can be regarded as a delta:fumction light 
Arce. A sampling oscilloscope is used to sample ibe photomuloplier tube owtput many times so thai a 
complete output waveform is created. The output signal generated by the pooiomulbplier tube is com 
posed of waveforms which are produced by electrons emitted from every position of the photocathode. 
Therefore, the rise and fall mes are mainly determined by the electron transit time difference and also by 
the electic fteld distribution amd intensity (supoly voltage) between the electrodes. 


Ags indicated in Figure 4.16, the rise tyme ts defined as the time for the output pulse to increase from 10 
fo SO percent of the peak pulse hepght. Conversely, the fall tume 1s defined as the time required to decrease 
from 90 to 10 percent of the peak output pulse heaght. In time response measur s Where the rise amd 
fall Omes are critical, the output pulse tends to suffer waveform distortion, causing an erroneous signal. To 
Grevent this problem, proper impedance matching must be provided including the use of a voltage-divider 
circuit with damping resistors. (See Chapter 5_) 





DELTA FUNCTION LIGHT 





RAISE TIME FALL TIME 


TS _CLs 


Figure 4-16: Detinitlans of rise all times and electron transit time 


oil CHAPTER 4 CHARACTERISTICS OF PHOTOMULTIPLIER TURES 


Figure 4:17 shows an actual output wave: 
Form obtained from a photomultiplier tube. In 
gemeral, the fal] time 1s two of three times 
Longer than the rise teme. This means that when 
Measuring repetitive pulses, care must be taken 
a0 that each outpat pulse does not overlap. The 
FWHM (fall width a1 half maximum) of the 





























output pulse will usually be about 2.5 times = 
the rise time. = 
The transit time is the time interval between | & 
the arrival of a light pulse at the photocathode 
and ibe appearance of the output pulse. To 
measure the bansit ime, a PIN photodiode is 
Placed as reference (zero second) at ihe same 
ode. The time interval between the instant the 
PIN photodiode detects a ight pulse and the 2 Ineiivi 
instant the outpat pulse of the phobomultiplier THI Gao Tha 
tube reaches its peak amplitude is measured Figure 4-17: Output wavetonm 


This transit ime 15 a useful parameter im deter: 
mining the delay time of a measurement sys 
bem in such applications as fluorescence life 

Hime Measurement using repetitive Gght pulses. 





(2) TTS (transit time spread) 
When a photocathode is fully dluminmated with single photons, the transtt time of each photoelectron 
pulse has a fluctuation. This fluctuation is called TTS (tramsit time spread). A block diagram for TTS 
Measurement is shown in Figure 4:18 and typical measured data is shown in Figure 4.19_ 
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Figure 4-18: Block diagram tor TTS measurement 
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Figure 4-19: TTS (transit time spread) 


In this measurement, a trigger signal from the pulsed laser is passed through the delay circuit and then 
fed as the start io the TAC (teme:-to-amplitude converter) which converts the ime difference inte pulse 
height. Meanwhile, the output from the photomultiplier tube is fed as the stop signal io the TAC via the 
CFD (constant fracton discominaiog) which reduces the time jitter resulting from fluctuation of the pulse 
height. The TAC generaies a pulse beighi proportional to the time interval between the “start” and “stop” 
signals. This pulse is fed to the hACA (multichanne! analyzer) for pulse height amalysis. Since the hme 
Interval between the “start” and “stop” sigmals cormesponds to ihe electron transit time, a histogram dis 
layed on the MCA, by integrating individual pulse height values many times in the memoqcy, indicates the 
siatistical spread of the electron transit time. 


Aa Hamamatsa Photonics, the TTS is usually expressed in the FWHM of this histogram, bot it may also 
be expressed in standard deviation. When the histogram shows a Gaussian distribution, the FWHM is 
equal to a value which is 2.35 times the standard deviation. The TTS improves as the number of photoelec 

froms per pulse increases, In inverse proportion to the square rom of the number of photoelectrons. This 
relation is shown in Figure 4.230. 
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Figure 4-20: TTS vs. number of photosiectrons 
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(3) CTTD (cathode transit time difference) 

The CTTD (cathode transit time difference) is the difference in transit time when the incwent light 
Position on the photocathode is shifted. In most hme response measurements the entire photocathode is 
Wlominated. However, as illustrated im Figure 4-21, the CTTD measurement employs an aperture plate bo 
shift the position of a light spot entering the photocathode, and the bansit time difference between each 
incident position 1s measured 
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Figure 4-21: Block dlagram for CTTD measurement 


Bascally, the same measurement system as for TTS measurement 1s employed, and the TTS insiogram 
for each of the different incident light positions 1s obtained. Then the change in the peak pulse height of 
each histogram, which corresponds to the CTTD, 1s measured. The CTTD data of cach position 1s repre 
mented as the transit tome difference with respect to the transit time measured when the light spot enters the 
center of the photocathode. 

In actaal applications, the CTTD data is oot usually needed but rather primanly used for evaluation in 
the photomultiplier tube manufacturing process. However, the CTTD is am important factor that affects the 
rise time, fall time and TTS described previously and also CRT (coincident resolving time) discussed in 
the mext section. 
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(4) CRT (coincident resolving time) 
As with the TTS, this 1s a measure of fluctuations m ihe transit time. The CRT measurement sysiem 
resembles that used for positron CT or TOF (time of fight) measurement. Therefore, the CRT is a very 
practical parameter for evaluating the performance of photomuliplier tubes used in the above fields or 


similar applications. Figure 4-22 shoes a block diagram of the CRT measurement. 
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Figure 4-22: Block diagram for CAT mess 


As a radiaiban source sda or Ate. a 1s commonly used. As a scimtllabor, a BaFyis used om the refer 
ence side, while a BGO, BaF), CsP or plastic scimillator & used on the samole side. A proper combination 
of radiation source and scintillator should be selected according to the application. The radiation source 15 
Placed in the middle of a pair of photomulpoer tubes and emits. gamma-tays in opposing directions at the 
mame time. coincident flash occurs from each of the tevo scintillators coupled to the photomultiplier tube. 
The signal detected by one photomuloplier tube is fed as the start sigmal to the TAC, while the signal from 
the other photomultiplier tube 1s fed as the stop signal to the TAC via the delay cicuit used to obtain proper 
bigger Gming,. Then, asin the case of the TTS measurement, this event is repeated|y measured many times 
amd the pulse heteht (time distibutron) 1s analyzed by the MCA bo create a (CRT spectrom. This spectrum 
gahistically displays the me fluctuation of the signals that enter the TAC. Thais fluctuation mainly results 
From the TTS of the two photomultiplier tubes. As can be seen from Figures 4-14 and 4.20, the TTS ts 
inversely proportional io the square root of the number of phoioe)ectrons per pulse and also to the square 
root of the supply voltage. In general, therefore, the higher the radiation energy and the supply voltage, the 
better the CRT will be. Lf the TTS of each photomuloplier tabe is T) and t3, ihe CRT is given by 


CFT me fae merece reetrectetirentrentemerenireetentenineiermrerennetr (Bie de 1H 


The CRT characteristoc 1s an important parameter for TOF measurements because if affects the position 
resolution. 
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4.3.2 Linearity 
ne be 


The photomultipber tube exhibiis pood linearity In anode output current over a wide range of 
Incident light levels as well as the photon counting region. [n other words, it offers a wide dynamic range. 
However, 1f the incident light amount is too large, the output begins to dewiabe from the ideal lmeanty. This 
pomarily caused by anode linearity characteristics, but 1 may also be affected by cathode linearity character 
istics When 2 photomultipler tube with a transmission mode photocathode is operated af alow supply voltage 
and large current. Both cathode and anode Onearity characteristics are dependent only on the current value if 
the supply voltage is constant, while being independent of the iInciWlent light wavelength. 


(1) Cathode linearity 


Lier Limit of Linearity 
(Average Current] 
a | a1 
a Se 














(=) Lingarty comsideraily Gagrades if this qumant & axceeced. 
Table 4-4: Photocathodes materials and cathode linearity limits 


The photocathode is a semiconductor and tts electrical resistance depends on the phobocathode materi 
als. Therefore, the cathode linearity also differs depending on the photocathode materials as Osied in Table 
8. Ti should be noted that Table 494 shows characteristics only for transmission mode photocathodes. In 
the case of reflection mode photocathodes which are formed on a metal plabe and thus have a sufficiently 
low resistvity, the linearity wall mot be a sigmificant problem. To reduce the effects of photocathode resis 
tvaty on the device lmeanty without degrading the collection efficiency, if 1s recommended io apply a 
woltage of 30) to 300 wolts between the photocathode and the first dynode, depending on the structure. Por 
seToondecio¢rs, the photocathode surface resistivity Increases as the temperature decreases. Thus, consid 
eration must be piven to ihe temperature characteristics of the photocathode resistivity when cooling the 
Photomulimer tube. 


(2) Anode linearity 
The anode imearity is limited by teo factors: the voltageedivider corcuit and space charge effects due bo 
a large current flawing im the dynodes. 
As shown below, the bmeanty in DAC mode operation is mainly limited by the voltage-divider circuit, 
while the pulse mode operabon 1s limited by space charge effects. 
Pulse mode ; Limited by the space charge elects, 
Linearity Loe mec 


: Limited by a change in the voltage-divider voltage 
due ta the magnitude of signal current. 
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The linearity limat defined by the woltage-divider cicuit is described in Chapter 5. The palse linearity m. 
Pulse mode is chiefly dependent on the peak signal current. When an intense light pulse enters a photomul, 
tiplier tube a lange current flows in the latter dynode stages, Increasing the space charge density, and 
Causing current saturation. The extent of these effects depends on the dynode strocture, as indicated in 
Table 4.2. The space charge effects also depend on the electric field distribution and intensity between 
each dynode. The mesh type dynodes offer superior linearity because they have @ structure resistant to the 
space charge effects. Rach dymode 1s arranged in close proximity providing a higher electric field strength 
amd the dynode area is large so that the signal denstty per unit area is lower. In general, any dynode type 
provides better pulse Lineanty when the supply voltage ts imcreased, or in other words, when the electric 
Field strength between each dynode is enhanced. 


Figure 4.23 shows the relationship between the pulse bmearity and the supply voltage of a Hamamaisu 
photomultiplier tabe R2059. The linearity can be improved by use of a special voltagesdivider (called “a 
tapered voltage-divider’) designed to increase ihe imbterstage voltages at the latter dynode stages. This 
described in Chapter 3. Because seach a tapered voltage-divider must have an optimum electric field distri 
bution and intensity that match each dynode, determining the proper voltage distribution ratio is a rather 
complicated operation. 
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Figure 4-23: Voltage dependence of linearity 
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(3) Linearity measurement 
The linearity measurement methods include the DC mode and the pulse mode. Each mode is described 


{a} OC mode 
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Figure 4-24: Block diagram tor PC mode linearity measurement 


This section introdeces the CXC limearity measurement method used by Hamamatsu Photonics. As Fig 
ure 4224 shoes, a doaperture plate equipped wath shutters is installed between the Gght source and the 
Photomuliplier tube. Each aperture 1s opened in the order of 1, 2, 7 and 4, fimally all four apertures are 
opened, and the photomulbplier tube outputs are measored (as [po Ip2, Ips, [ps amd Ipo, respectively). Then 
the ratio of [po io ([po+]p2+[pe+ ps) is calculated as follows: 

CD Up hp Uaeipg 1 TRG) weeneemeeemetecetemetcetrceteerereeteeree (Eg. de LD) 

This value represents a deviation from linearity and if the output is within the linearity range, [pO 

besnomes 
Dig ple elt pig litte cere tr retccttretteerretteenteetteertenrrerrens (Big. del 2p 

Repeating this measurement by changing the intensity of the ight source (Le. changing the photomulti 
Plier tube output current) pives a plot as shown in Figure 4-25. This indicates an output deviation from 
Linearity. This linearity measurement greatly depends on the magnitude of the current foewing through the 
woltage-divider circuit and Its structure. 

As a simple method, lineanty cam also be measured using neutral density filters which are calibrated in 
advance for changes in the incident light level. 
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Figure 4-25: DC linearity (sldeon type} 
{b) Pulse mode 

AL samplifed block diagram for the pulse mode lineanty measurement is shown in Figure 4.26. In thes 
measurement, an LED operated in a double-pulsed mode 1s used bo provide hegher and lower pulse ampli 
tudes alternately. The higher and Jower pulse amplitudes are fixed at a ratio of approximately &:). [f the 
photemuliiplier tube outputs in response to the higher and lower pulsed light at suffictenily low light 
levels, the peak currents are [pe: and [po respectively. then the rabe of Ipo/Tpm is proportional to the pulse 
amplitude; thus 

Dp Ips ae ah comseemeeemeeecetrcetecetemetecttecrtecarcnnrcntnmntnmennmntecetemtteceteeetecrrrerrenoes (Bg dhe LT) 

When the LED light sources are brought close io the photomultiplier tube (See Figure 4-26.) and the 
RUDSEQUENE GUtpUE Current increases, the photemuloiplier tube oatput begins to deviate from linearity. If the 
qutput for the ewer pulsed light (44)) 1s Ip) and the outpat for the higher pulsed light (Ar) 1s Ip, the rateo 
between the te output pulses has the following relation: 

lp 'lp; a Ipioz' pe; ret rrenereattnaremetnmnntetsrmatemaremernensrersrmatemaremettetrerrrcatemeremees Tip dhe Ld 

Lineanty can be measured by measurmng the rabo betevcen the two outputs of the photomultiplier tube, 

produced by the two dofhenent intensities of pulsed light, Ip yp). Linearity is then calculated as follows: 


ROU GY rs 





This indicates the extent of deviation from Linearity at the anode output [p,.. [f the anode output is im the 
linearity range, the following relation is always established: 
(Ipzlp) = {| Pocs'lia1 merrenreatreetnmnnrmrtreatemetretinettrcateeatemetertrcrmrreeererieres UPugp dhe 6) 
Under these conditions, Eq. 4215 becomes zero. 
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Figure 4-26: Block diagram for pulse mode linearity measurement 
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By repeating this measurement while varying the distance between the LED lght source and the photo 
multiplier tube so as io change the output current of the photomuloplier tube, linearity curves bke those 
shown in Figure 4-27 cam be obtained. 
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Figure 4-27: Pulse linearity 
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4.3.3 Uniformity 

Uniformity ts the vwanation of the output signal with respect to the photocathode posibon. Anode output 
uniformity is thought to be the product of the photocathode uniformity and the electron moltipber (dynode 
section) uniformity. 

Figure 4-28 shows anode uniformity data measured at wavelengths of 400 nanometers and S00 nanom 
eters. This data is cbtamed with a light spot of ] mm diameter scanned over the photocathode surface- 
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Figure 4-28: Difference in uniformity with wavelength 
In general, both photocathode uniformity and anode unthormity deteriorate as the incident light shifts to a 
longer wavelength, amd especially as it approaches the long: wavelength lomit. This & because the cathode 
sensitivity near the Jongewavelengih limit preatly depends on the surface conditions of the photocathode and 
thus fluctuations increase. Moreover, if the supply voltage 15 boo low, ihe electron collection efficiency be 
tween dynodes may degrade and adversely affect uniformity. 


Head-on pootomultipber tubes provide better uniformity in comparison with sideson types. In such appl 
cahons a5 gamma cameras used for medical diapnosie where good position detecting ability is demanded, 
uniformity 15 an Important parameter in determining equipment performance. Therefore, the photomltmpber 
tubes wsed in this field are specially designed and selected for beter uniformity. Figure 4-29 shows typical 
uniformity data for a side-on tube. The same measurement procedure as for head-on tubes is used. Unifonmity 
15 also affected by the dymode structure. As can be seen from Table 4-2, the box-and-gnd type, venetian blind 
type and mesh type offer better uniformity. 
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Figure 4-29: Uniformity of a side-on piotomultipller tube 
Considering actual photomultploer tube usage, umformity 1s evaluated by two methods: one measured 
with respect to the position of incidence (spatial uniformity) and one with respect io the angle of ncidence 
(angular response |. The following sectbons explain their measurement procedures and typical charactevistics. 


(1) Spatial uniformity 
To measure spatial uniformity, a ght spot is scanned in twooimensions over the photocathode of a 
photomultiplier tube and the variation in output current is graphically displayed. Figure 4-30) shows a 
schematic diagram for the spatial uniformity measurement. 
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Figure 4-30: c diagram for spe 


Por convenience, the photocathode is scanned along the X-axis amd Y-axis. The direction of the X-axis 
or Yoaxis 1s determined with respect to the onentation of the first dynode as shown in Figure 4-3]. 
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Figure d:3) also shows the position relation between ihe AY anes and the first dynode. The degree of 
Loss Of electrons in the dynode section sigmificamtly depends on the position of the first dymode on which 
the photoelectrons strike. Refer to Figure 4-23 for specific uniformity data. 
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While the phoiocathode is scanned by the light spot, the emitied phoice 
or Waxis of the first dymode as shown in Figure 4-22_ 
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Figure 4-32: Position of photommission and the related position on the first dynode 


This method for measuring spatial uniformity 1s most widely used because the oollectve characteristics 
can be evaluated in a short hme. In some cases, spatial uniformity is measured by dividing the photocath 
ode into a grid patiem, so that sensitrvity distribution is displayed in two or three dimensions. 


The spabal uniformity of anode output ranges from 20 bo 400 percent for head-on tubes, and may exceed 
those values for side-on tubes. The adverse effects of the spatial uniformity can be minimized by placing a 


diffuser in front of the input window of a photomultiplier tube or by using a photomuliplier tube with a 
Frosted glass window. 
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(2) Angular response 

Photomultiplier tube sensitivity somewhat depends on the angle of incident light on the photocathode. 
This dependence on ihe incident angle is called the angular response." To measure the angular re 
sponse, the entire photocathode is Wluminated with collimated light, and the output current is measured 
while rofating the pootomaulopleer tube. A schematic diagram for the angular response measurement is 
shoven in Figure 4037 and specific data is plotted im Figure 4-34. 5 the potary teble is. rodated, the projected 
area of the photocathode 1s teduwoed. This means that the output current of a photomultiplier tube i plotted 
1s a cosine curve of the incident ange even if the outpat has wo dependence on the mecident angie. Com 
monly, the photocathode sensitvity improves at larger angles of Incidence and thus the output current 
Plotted along a curve showing higher sensitivity than the cosine (cos 4) curve. This is because the incident 
light transmits across a lomper distance af large angles of incidence. In addition, this increase in sensitivity 
usually becomes Larger at longer wavelengths. 
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Figure 4-33: Schematic diagram for angular response measurement 
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Figure 4-34: Typical angular response 
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4.3.4 Stability 


The output vanation of a photomulbplier tobe with operating time is commonly termed as “doft" or “Tife" 
Characterisitcs. On the other hand, the performance detenoraiion resulting from the siress amposed by the 
supply woltage, current, and ambient temperature 1s called ‘fatigue’. 


(1) Drift (time stability) and lite characteristics 


Variations (instability) over short time periods are mainly referred to as drift! *"' while variations (insta 
bility) aver spans of time longer than D0 to 1? bours are referred to as the life characteristics. Since the 
cathode semsitwity of a photomulteplier tobe exhibits pood stebility even after long periods of operating 
time, the drift and life characteristics primarily depend on variations in the secondary emission ratio. In 
other words, these characteristics indicate the extent of gaim variahon with operating time. 


Drift per unit time generally improves with longer operating time and this tendency continues even if 
the photomultiplier twhe is left unused for a short time after operation “Aging or applying the power supply 
voltage to the photomultiplier tube price to use ensures more stable operation. 

simoe drift and fe characteristics greatly depend on the magnitude of signa! output current, keeping the 
avenge output current within a few microamperes 1s usually recommended. 


Ad Hamamatsu Photonics, drift is usually measured in the DC mode by iDuminating a photomultiplier 
tube with a continuous light amd recording the output current with the operating time. Figure 4:35 shows 
specific drift data for typical Hamamatsu photomulaplier tubes. In most cases, the drift of a phobomulti- 
Qlier tube tends to vary largely during intial operaben and stabilizes as operating time elapses. In pulsed o¢ 
Inbenmittent operation (cyclic on/off operaivon), the drift shows a variation pattem similar to those obtained 
with continwous light if the average output current 1s of the same level as the output current in the DC 
mode. 


In addibon, there are other methods for evaluating the diff and life characteristics, which are choefly 
wed for photomuliplier tubes designed for scintillation counting. For details refer to Chapter 7, 
“Sinn laben couniimng”- 
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(2) Aging and warm-up 


In applications where output stability within a few percent 15 required, aging or warmup is recom 
mended as explained below. 


{a} Aging 


Aging 1s 2 technique in which a photomulipuer tube is comtmuously operated for a pertod ranging 
From. several bows to several tems of hours, with the anode output current nod exceeding the maximum 
rating. Throwgh thas aging, drift can be effectively stabiliaed. In addibon, if the photonvultiplier babe is 
warmed up just before actual use, the doit will be further stabalixed_ 


ib) Warm-up 


Bor stable operation of a photomulapoer tube, warm-up of the phobomulbpier tube for abowt 2) bo 
60) mimuies 1s recommended. The warm-up penod should be jonger af the initial phase of pootomulb 
Plier tube operation, partecularly in intenmibent operatoon. After a long period of operation warm-up 
can be shortened. At a higher anode current the warmup perbod can be shortened and at a lower anode 
current the warm-up should be longer. In most cases, a warm-up 1s performed for several ten minubes 
at a supply voltage near the actual operating voltage and an anode current of several moicroamperes. 
However, in kee current operation (average output current from less than one hundred up io several 
hundred nanoamperes), a warmup is done by just applying a voltage bo the photomultiplier tube for 
about one hour in the dark state. 


Triste af Pretoenult pliger Tules ft 





4.3.5 Hysteresis 


When the metdent bght or the supply voltage is changed in a step Function, a phodomaltiplier tube may not 
Prodece an output comparable with the same step function. This phenomenon & known as. “hysteresis”. |! 2" 


Hysteresis is observed as bwo behaviors: “overshoot” m which the output current first increases greatly and 
then settles and “undershoot" in which the output current first decreases and then returns to a steady level. 
Hysteresis is further classified inte “ght hysteresis” and “voltage hysteresis” depending on the measurement 
conditions. Some photomultiplier tubes have been designed to suppress hysteresis by coating ibe insulator 
surface of ihe electrode supports with a conductive material so as to minimize the electrostatic charge on the 
electrode supports without impainng their insulating properties. 


(1) Light hysteresis 

When a photomultiplier tube is operated at a constant voltage, it may exhibit a temporary variabon in 
the anode output after the incident bght is changed in a step funcbon. This vanatbon is called light byster: 
esis. Figure 4.36 shoes the Hamamatsu test method for light hysteresis and typocal hysteresis waveforms. 
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Figure 4-36: Light hysteresis 
As shovan in Figure 4-36, a photomultiplier the is operated af a voltage V, which is 250 volts lower than 
the voltage used to measure the anode lummous sensiteaty. The photomultiplier tube is warmed up for Ove 
minutes ar mare at a light bevel producing an anode current of approximately ] microampere. Then the 
Incilent light is shut off for ome minute and then input again for one minute. This procedure ts repeated 
twice bo confimm the reproducibility. Ay measunng the variahons of the anode outputs, the extent of light 
hysteresis can be expressed im percent, as follows: 


Light hysteresis Hy = ((lusao-l anh T)HC OOS) ---—eenceeceeeneeeceteceeeceeeseee (ig, de 7) 


Where Ijax 1s the maximum output value, Ise is the minimum output value and 11 i the initial output 
‘Lue. 


Tabie 4-5 shows typical hysteresis data for major Hamamatsu photomultipler tubes. Since most photo: 
multiplier tubes have been designed to minimice hysteresis, they usually only display a slight hysteresis 
within +1 percent. ft should be noted that light hysteresis behaves in different patterns of values, depending 
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(2) Voltage hysteresis 


When the incident ight level cycles im a step function, the photomultiplier tube is sometimes operated 
with a feedback circuit that changes the supply voltage im a complimentary step function so that the photo 
multiplier tube output is kept constant. In this case, ibe photomuloplier tobe output may overshoot or 
underhoot immediately afer the supply voltage is changed. This phenomenon is called voltage hysteresis 
and should be suppressed to the minimum possible value. Generally, this voltage hysteresis is larger than 
light hysteresis and even tubes with small light hysteresis may possibly exhibit large voltage hysteresis. 
Refer to Table 4:5 below for typical hysteresis data. 


oe es 13mm head-on 
a es ee eee 
Table 4-5: Typical hysteresis data tor major Hamamatsu phofomultiplier tubes 
Pegure 4.37 shows a procedure for measunng voltage hysteresis. A pootomuloplier tube is operated af a 
woltage W, whach 1s 700 volts bower than the voltage used to measure the anode Jwmonous sensitivity. The 
tube 1s warmed up for fve minutes of more at a light level producing an anode current of approximately 0] 
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Figure 4-37: Voltage hysteresis 


Then the incident light is shut off for one minute while the supply woltage 1s Increased in 50%) wort step. 
Then the ght level and supply voltage are returned to the original condibons. This procedure 1s repeabed 
bo confirm the reproducibility. By measuring the variations im the anode outputs, the extent of voltage 
hysteresis is expressed in percent, as shown in Bg. 4-5 below. In general, the higher ibe change in the 
supoly voltage, the larger the voltage hysteresis wall be. Other characterisGcs are the same as those for light 
hysteresis. 

Wo Flat: 





Hay = (Dass basens TA) 1 CDM) weemeeemeeemetemtermetrmerenes (ig. he 1B 


Where Iscqx 15 the maximum output value, ies is the minimum output value and Ii is the inihal output 
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(3) Reducing the hys 
When 2 sigmal light is blocked for a long penod of time, applying a dummy light to the photomultiplier 
tube bo minimize the change in the anode output current is effective in reducing the possible light byster 
exis. Voltage hysteresis may be improved by use of HA coating. (Refer io section 3.2 in Chapter 13.) 


oe 
i 5 


4.3.6 Dark current 


Acsmall amount of current floes in a photomultiplier tube even when operated in a completely dark state. 
This outpat current is called the dark current ~~ and ideally 11 should be bept as small as possible 


because photomultiplier tobes are used for detecting minmwie amounts of light and current 


(1) Causes of dark current 
Dark current may be categorized by cause as follows: 
fa) Thenmionic emission current from the photocathode and dynodes 


([b) Leakage current (ohmic leakage) between the anode and other electrodes inside the tube and/or 
between the amode pan and other pins on the bulb stem 


tc) Photocorrent produced by scintillation from glass envelope or electrode supports 

td) Field emission current 

Ce) Tomzaton corrent from residual gases (jon feedback) 

(F) Noise current caused by cosmic rays, radiation from radioisatapes contained im the glass envelopes 
and environmental gamma mys 


Dark current increases with an increasing supply voltage, bot the rate of increase 15 mot comsiant. Figure 
4038 shows a typical dark current vs. supply voltage characteristic. 
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Figure 4-38: Typical dark current vs. supply voltage characteristic 
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This characteristic is related ip three regions of the supply voltage: a low voltage regpon (2 in Figure 4- 
18), a. medium voltage region (D in Figure 4-38), and a high voltage region (¢ in Figure 4-38). Region & 
dominated by the lewkage current, region D by the thermionic emission, amd region C by the field emission 
and glass or electrode support scintillation. In general, region D provides the best signal-to-noise ratio, so 
operating the photomultiplier tobe in this region would prove ideal. 


lon feedback’! and noise!!! originating from cosmic rays and radioisatepes will sometimes be a 
problem in pulse operation. 

When a photocathode is exposed bo room illumination, the dark current will retam to the original level 
by storing the photomwaltiplier tube in a dark state for one to teo hours. However, 1f exposed to sunlight or 
extreme] y intense lnght (10,000) lux or higher), this may cause unrecoverable damage amd must therefore be 
avoided. [tis ncommended to store the photomuli—pber tube mm a dark state before use. 


The dark current data furnished with Hamamatsu photomultiplier tubes i measured after the tube has 
been stored in a dark state for 30 minutes. This “30-mimate sborage in a dark state" oomditon alloes most 
PHobomultipiier tubes te approach the average dark current level attaimed after being stored for a long 
period in a dark state. This 1s also selected in consideration of the work efficiency associated with measur 
ing the dark current. [f the twhe 1s stored for a greater lengih of time im 2 dark state, the dark current will 
decrease farther. The followimeg sections explain each of the six causes of dark current listed above. 


a) Thermionic emission 


Since the photocathode and dymode surfaces are composed of matenals with a very low work 
Function, they emat thermbonic electrons even at room temperatures. This effect has been studied by 
W. Richardson, and is stated by the following equation.’ 


fag mt TET meee em stemstenesemetemerenesemtsemasenestmsemastetsimrsemasrensemremeemnsemees (Big dhe 1) 


where, 
ip : work function T : absolute iemperature 
e > electron charge AC* constant 


K : Boltiemann constant 


[t can be seen from this equation that themmoonic emission is a fumchon of the photocathode work 
Funchon and absolute temperature. Thus the magnitude of the work function a well as the photocath- 
the spectral response extends to the light with bewer energy or longer wavelengths, but with an im 
crease in the thermionic emission. Among generally used photocathodes composed of alkali metals, 
the AgeOhCs photocathode wiih a spectral response in the longest wavelength range (see Figure 4-2) 
exhibits the highest dark current. In contrast, the photocathedes for the ultraviolet range (Cs:Te, Cs-T) 
exhibit the shortest wavelength wpper limit and provide the Lowest dark current. 

Eg. 4.19 also umpbes that the dark current decreases with decreasing temperature. Therefore, 
shoen in Figure 4.39, cooling a pootomultipier tube ts an effectrve technique for reducing the dark 
Current. 
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Figure 4-39: Temperature char 


However, when the dark current reduces down to a level where the leakage current predominates, 
this effect becomes limited. Although thermionic emission occurs both from the photocathode amd the 
dynodes, the thermionic emission from the photocathode has a much larger effect om the dark current. 
This is because the photocathode 1s larger than each dymode in size and also because the dynodes, 
especially af the latter stages, contribute less bo the output current. Consequently, the dark current 
caused by the thermionic emission vs. the supply voltage characteristic wall be mearly identical with 
the slope of gain ws. supply voltage. 


Figure 4-40 describes temperatore characteristics for dark pulses measured in the photon counting method. 
In this case as well, the nomber of dark pulses is decreased by cooling the photocathode. 
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b) Leakage current (ohmic leakage) 
Photomnuliiplier tubes are operated af high voltages from S00 up to 3000 volts, bat they handle wery 


low currents from several manoamperes to Jess than 10 microamperes. Therefore, the quality of the 
insulating materials used in the tubes 1s very important. For instance, if the insulation resistance 
around 10’ ohms, the leakage current may reach the nanoampere Jevel. The relationship between the 
leakage current from the insulating materials and the supply vottage is detenmined by Ohm's law, Le., 
current value (1) = supply voltage (Winsulation resistance (RJ, regardless of the gain of the photo 
multiplier tube as seen in Figure 4.28. On the other hand, the dark current resulting from thermbonic 
emission vanes exponentially with the supply voliage. Thus, as mentomed in the previous secbon, the 
leakage current has relatively more effect om the dark current as the supply voltage is lowered. 


A. leakage current may be generated betoeen the anode and the last dynode inside a tube. It may 
also be caused by imperfect insulation of the glass stem and base, and between the socket anode pin 
and other pins. Samce contamination from dirt and moisture on the surface of the glass sbem, base, or 
socket increases the leakage cusrent, care should be taken io keep these parts clean amd at low humid. 
ity. Lf contaminated, they can be cleaned with alcohol in most cases. This is effective in reducing the 


c}) Scintillation from the glass envelope or electrode support materials 


Some electrons emitted fom the photocathode or dynodes may deviate from their normal trayjecto 
nes and do nod contribute to the output sigmal_ [f these stray electrons impinge on the plass envelope, 
ecmtillations may occur amd result in dark pulses. In pemeral, 2 photomultiplier tube is operated with 
a megatve high voltage applied to the photocathode and 1s bowsed in a metal case a1 pround potential. 
This arrangement tends io cause stray electrons to impinge on the glass envelope. However, this 
problem can be munimized by using 2 technique called “HA coating”. Refer io section &.2 in (Chapier 
L3 for detailed information on HA coating. 
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d) Field emission 


If a photomultiplier tube is operated at an excessive voltage, electrons may be emitbed from the 
dynodes by the strong electtic field. Subsequently the dark current increases abruptly. This phenom 
2DO0 Occurs In regpon c in Figure 4.38 and shortens the life of the photomultiplier tube considerably. 
Therefore, the maximum supply voltage is speciGed for each tube type and must be observed. As bong 
as a photomulipber tube is operated within this maximum rating there will be no problem. But for 
safety, operating the photomultiplier tube at a voltage 20 to 3) percent lower than the maximum rating 
1s Fecommended. 


@) bonization current of residual gases (ion feedback) 


The interior of a phovomuliplier tube is kept al a vacua as high as 1) "ta 10° Pa Even so, there 
exist residual gases that cannot be ignored. The molecules of these residual gases may be jonimed by 
collisions with electrons. The positive toms that strike the front stage dynodes or the photocathode 
produce many secondary electrons, resulting im a large noise pulse. During high current operation, 
this noise pulse is usually identified as an output pulse appearing slightly after the main photocurrent. 
This noise pulse is therefore called an afterpulse’ 
pulsed operation. 


fi Moise current caused by cosmic rays, radiation from radials 
the glass envelopes and environmental gamma rays 


re nd Ty Cause a Measurement error during 


28 contained in 





Many types of cosmic rays are always fallime on the earth. Aumong them, muons (1) cam be a major 
sauce of photomultiplier tube moe. When muons pass through the glass envelope, Cherenkov radia: 
fon may occur, releasing a large number of photons. In addibon, most glasses contain potassium 
oxide (K20) which also contains a minute amount of the radioactive element “K.""K may emit beta 
rays and result in noise. Furthermore, environmental gamma rays emitted from radioisotopes con: 
famed in buildings may be another moise source. However, because these dark noises occur much less 
frequently, they are neglipible except for applications such as Goquid scintillaben counting where the 
number of signal counts is exceptionally small. 


(2) Expression of dark current 


Dark current is a critical factor that governs the lower detection limit in low ght level measurements. 
There are vartous methods amd tems used to express dark current. The following introduces some of them. 


8) OC expression 


In general, most Hamamatsu photomultiplier tubes are suppoed with dark current data measured at 
a constant vollage. The dark current may be measored at a voltage af which a particular value of anode 
menivity 1s obtained. In this case, the dark current is expressed in terms of equivalent dark carrent or 
EADCI (equrvatent amode dark current input). The equivalent dark current 1s simply the dark current 
measured at the voltage producing a specthic anode luminous sensitivity, and 1s a convenient param: 
efter when the tube is operated wath the anode sensitivity maintained at a comstant value. The BAD) 
15 the value of the incident light flax required to produce an anode current equal to the dark current 
amd is represented in units of lumens or watts as follows: 

EAC! (Im) = Dark currant (A) / Anode luminous sensitivity (Afim) ---- (Eq. 4-20) 


When representing the EADCI in watts (W), a specified wavelength is selected and the dark cur 
rent is divided by the anode radiant sensitivity (ASW) at that wavelength. Figure 494] ilustrabes an 
example of BADSCT data alone wath the anode dark current and anode luminous sensitivity. A beter 
nena) bo mods ratio can be obtamed when the tube is operated in the supply voltage region wiih a 
smiall EAD. It is obvious from this figure that the supply voltage pepion in the vicinity of LOO) volts 
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displays a small, flat EAGT curve, yet offers an adequate anode sensiteaty of three orders of magni 
tude. 
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Figure 4-41: Example of EADCI 


b) AC expression 


In loo Jevel-light measurements, the CXC components of dark current can be subtracted. The lower 
Limit of light detection is determined rather by the fluctuahng components or moise. In this case, the 
Moise 15 Commonly expressed in tems of END (equivalent noise input). The ENI ts the value of inc 
dent light flux required to produce an output current equal io the noise current, we., the incident light 
lewel that provides a signal-bo-noise rato of unity. When the EN] 1s expressed im units of watts (W) at 
the peak wavelength or at a specific wavelength, tf 1s also referred to as the NEP (noise equivalent 
power 


Because the mvise is proportional to the square root of the circuit bandwidth, the END" is defined 
as follows: 
ERI = (Zeke By Ss cr sie aa laa (Eq. do2 1) 
where 
e:electron charge (16x10 C) 
id: anode dare current (4) 
L current amoihcaion 
B: circul bandwidth (HF) 
5: andde radiant sercitvity (AW 
(Commonly, 4f=1 Hz is wed and the ENT value ranges from 1" 4 10" () at the peak wave 
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4.3.7 Signal-to-noise ratio of photomultiplier tubes 


When observing the output waveform of a photomuloplier tube, bvo types of noise components can be 
SEER: one 15 present even without light inpul, and the other is generated by the inpat of signal light. Normally, 
these mise components are governed by the dark current generated by the photocathode thermionic emission 
and the shot noise resulting from the signal current. Both of these noise sources are discussed here. 

The signal:to-noise raipo referred to m the following description 1s expressed im 6.m-s. (rool mean square). 
When signal and noise waveforms like those shown in Figure 4.47 are observed, they can be analyzed as 
follows: 
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Figure 4-42: Example of signal-to-noise ratio 


Kean value of noise component = Ta 

AI component of noise © 1g (r.ms.} 
Mean value of signal (noise component included) = [ped 

AIC component of signal (noise component Imcluded) +: tps (ram.s.) 


Using these factors, the signal-to-noise ratio’! *"' Gs given by 
Sh ratio = lp ipa mittetteenereatemetncntrnatemetnmttrmatnmttnmntetterrertecnerrcrmcrens (Tg DT) 
where I. 1s ihe mean value of the signal component only, which 1s obtained by subtracting I, from Ips 
[f the dark corrent Id is bew enough to be ignored (1) >> Ta), the sigmal-ioenoise rate will be 
SN rete mw Upllig vmsrrmetrmetrceteceteeetrtttertrertecntcntnentteenneteettnenteetteenteerrrerrens (Hig, de 2) 
where Ip ts the mean value of the signal component and ip 1s the AC component (r.m-s_) of the signal. ip 
Onmsisis of a component associated with the statistical fluctuahon of photons and the photoemission process. 
and a component created in the multiplication process. The noise component produced in the multmplicabon 
process is commonly expressed in terms of the NF (noise figure}. The NF indicates how much the signal-to 
noise mabe wall degrade between the mput and output, and is defined as follows: 
NE = Nl rere: (Eq. i. 24) 


where (ST hk. is the sipmal)-boenoise ratio on the photomultiplier tobe mput side and (S/T hex 15 the signal to 


noise ratio on the photemultipber tube output side. With a photomultiplier tube having n dynode stages, the 
NF from the cascade multiplication process is given by the following equation: 


POF we (8c afte Bin eB eee Bg Ba correct cree crtre creer (Big. de 


where 0 is the collection efficiency,“), 97 ....9) are the secondary emission ratios af cach stage. 
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With =] and41,42,4, dno, Gg. 4.25 is simplified as follows: 

IRIE mo BuLB RA) cecetecreecreecreemeercteeseeemttemetenttenerentrntanassnssnnssenssenssenseeesseestees (Egy dhe Z6) 
Thus by adding the NF to the AC component ip, ip is expressed by the following equation: 

bom Ee EEN YM eee erent rnmnnrenrnns fig do27) 
where u is the gain, e is the electron charge, |). 3s the cathode current and Bi is the bandwidth of the measure 

ment system. From this equation and Gig. 4.25, ip becomes 

je We[2 eh B( Vea)-(1 + Bet VE BJP on ig. 28 
On the other hand. the average anode current Ip is expressed in the following equation: 

Iai he aca carla iatat telecine 
From Bgs. 4-28 and 4.29, the signal-to-noise ratio becomes 

SN ratio= |i, 


f j ee 
“SB 141.4 1b 4 LL, 


This equation can be sumplified using Eg. 4-26, as follows: 


- 


a l. 1 4, fr 
ee , 
Se8 Aya)" a 


From this relationship, if 1s clear that the sigmaletosmoise ratio 1s proportional bo the square root of the 
cathode current Ie and is inversely proportional to the square root of the bandwidth B. 
To obtain a better signal-to-noise rate, the shot noise should be minimized and the following points ob 
served: 
(1) Use a photomultiplier tube that has as high a quantum efficiency as possible in the wavelength range 
bo be measured. 
(2) Design the opbcal system for better ight collecbon efficiency so that the medent light & guided to the 
Photomaltpler tube with minimum loss. 
(3) Use a phobtomuliplier tobe that has an optimum configuration for light collection. 
(2) Narrow the bandwidth as moch as possible, as Jong as mo problems oocur in the measurement system. 
By substituting 9 = 4 into Eg. 4-30), which is the typical secondary emission ratio of a wormal photomulti- 
plier tube, the value 4 (9-1) will be 1.2, a value very close to 1]. Consequently, if the noise in the multiplication 
process is disregarded, the signal-to-noise rain can be rearranged as follows: 


Sr ti 0 4 FEI | lA) sicnctiecetibasainatiibadiinidiicuanenns aN j 
SN ratio = (I2eB) 1-7Ex104/ (Eq. 4.31) 


Figure ded3 shoves the outpui voltage waveforms obtained while the light level and load resistance are 
changed under ceriaim conditions. These prove that the relation im Bg_ 4) is correct. 
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Figure 4-43: Change in signal-to-noise ratio tor AX29 when light level 
and Inad resistance are changed 


The abowe description ignores the dark current. Taking into account the contribution of the cathode equiva 
lemt dark corrent (Id) and the noise current () of the amplifter circuit, Bg. 2-30 can be rewitien as follows: 


ls 


(2ab-8e-1)(he2ljoNa) SE Pane ae EL ee AEE IE aa (Eq. 137% 


SW ratio = 


[In cases in which the pose of the amplifter circuit is negligible (N4=0), the signal-to-noise rahio becomes 


SW ratio = 
where [p=1-e-P-A_..(he, and each symbol stands for the following: 

|. cathode current (A) e:@lactron charge (C} 

AD wavelengin (mm) h: Planck's constant (J-s) 

c: velocity of light (m/s) 1]: Quantum efficiancy 

P: power (WW) B: bandwidth (Hz) 

6: secondary emission rata N.-noise of amplifier circuit (A) 
ly cathode equivalent dark currant (A) 
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IF F=¢ did- 1) } is inserted in Beg. 4-33, then 
ee es 
(2e(he2LjF-B)? — (2e(l.+2LJFBu) 


where Ip is the anode signal current and Ida is the anode dark current. 


Ipis given by: Ip = Th- w= Sp- Pi 
Where Sp is the anode radiant sensitraty and Pi is the incident ght power. 


SW ratio = 


If the signal-to-noise ratio is |, then SpPi can be calculated as follows, by obtaining the variable Pi that 


gives the relation: (S.Piy'-2e(S.Pi+2l..)yFB = 0 





This 1s the detection Limit. 


Detection lemits at diferent bandwidths are plotted im Figure do44. When compared to ENT (obtained 
From Eq. 4-21) that takes mio account only the dark current, the difference is especially significant at 
higher bandwidths. The detection Limit can be approximated as EN] when the frequency bandwidth B of 


the circuit is low (op bo about a few kilobertz), but it 1s dominated by the shot noise component ongmahng 
From signal light at hogher bandwodths. 
had 
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Figure 4-44: Detection limit considering signal sot nolee 
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Note that EN] is practical when the frequency bard width B of the circuit is low (up to about a few kilo- 
hertz}, but is meaningless at higher bandwidths since the detection limit is dominated by the shot noise result: 
ing from signal ght. (Refer to Chapter 6, “Phobon Counting”. 


4.3.6 Afterpulsing 


When a phodomuliplier tube is operated in a pulse detecbon mode as In scintillation counting of in Laser 
Pulse deiechon, spurious pulses wiih small amplitudes may be observed. Since these pulses appear after the 
signal output pulse, they are called afierpulses. Adterpalses disturb accurate measurement of lew level 
signals followimeg a large amplitade pulse, degrade energy resolubon in scintillation counting (See Chapier 
TA, aid causes errors in pulse counting applications. 


Types of afterpulses 


There are teo types of afterpulses: one is output with a very short delay (several nanoseconds io several 
tens of nanoseconds) after the signal pulse and the other appears with a longer delay ranging up to several 
Thicroseconds, each being generated by different mechanisms. In general, the latter pulses appearing with a 
long delay are commonly referred io as afterpulses. 


febost afterpulses with a short delay are caused by elastic scattering electrons on ithe first dynode. The 
probability that these electrons are produced can be reduced to about one-tenth in some types of photomulti: 
Puer tubes by placing a special electrode near the first dynode. Usually, the Ome delay of this type of afterpulse 
is small and hidden by the teme constant of the subsequent signal processing circuit, so that it does mot create 
sigmificamt problems in most cases. However, thas should be eliminated in time-correlated photon counting for 
Toeasuring very short fworescence Iifetume, Laser radar (LIDAR), and fluorescence of particle measurement 
using an gato correlation technique. 


In contrast, afterpulses with a longer delay are caused by the postive tons whoch are generated by the 
lonization of residual pases in the photomuliplier tube. These positive bons return te the photocathode (ion 
feedback} and produce many photoetectrom which result in afterpulses. The amplitede of this type of afterpulse 
depends on the type of toms and the position where they are generated. The Ome delay with respect to the 
signal output pulse ranges from several hundred nanoseconds to over a few microseconds, amd depends on the 
supply voltage for the photomultiplier tube. Heliwm gas is knoen to produce afierpulses because it easily 
penetrates through a silica bulb, so use caution with operating environments. Afterpulses can be reduced 
temporanly by aging (See 43.4, “Stability".), but thas 1s not a permanent measure. 


In actual measurements, the frequency of afierpolses and the amount of charge may sometimes be a prob 
lem. The amount of output charge tends to Increase when the photomultiplier tube is operated at a higher 
supply voltage, to obtain a high gain, even though the number of penevated jons is the same. In pulse counting 
applications such as photon counting, the frequency of afterpulses wrth an amplitade higher than a certaim 
threshold level wall be a problem. 


As explained, afterpulses appear just after the signal pulse. Depending on the electrode strocture, another 
spurtieas pulse (prepulse) may be observed just before the signal pulse output. But, this pulse is very close to 
the signal pulse and has a low amoplitede, causing no problems. 


7a CHAPTER 4 CHAKACTERISTICS OF PHOTOMULTIPLIER TURES 


4.3.9 Polarized-light dependence 


Photomultiplier tube sensitivity may be affected by polarized light”! '” Tube characteristics must be taken 
Into a2ocount when measuring polarized light. Also it should be moted that light may be polarimed at such 
optioal devices as monochromators. When polarized light enters the photocathode of a photomultiplier tube, 
the photocathode reflectance varies with the angle of Incidence. This effect is also preatly dependent on the 
Polarization component as shown in Figure 445_ In this figure, Rp is the polarization component parallel to 
the photocathode surface (P component) and Rs 1s the polarization component perpendicular to the photo: 
cathode surface (5 component). [i is clear that the photocathode reflectance vanes with the angle of incidence. 
Because this figure shows the calculated examples with the assumption that the absorption coefficient at the 
photocathode is xero, the actaal data wall be slightly more complicated. 
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Figure 4-45: Angle dependence of reflectance 


Lf the polarization plane of the incodent light has an angie @ wath respect to the perpendocular of ithe phobo: 
cathode surface, the photocurrent [6 ts grven by the follwing expression: 


ee ees oe 
16 = |, cos*B+lpsin’? d= ; (ho+ls)[1- Lo 2) a 


where 
: Photocurrent produced by polarized component perpendicular to tha photocathode 
bt Photocurrent produced by polarized component parallel to the photocathode 

while 


ltl deeds 
Ip = = P= lvl. eisai ae elaipclecabaoaslipetiateteicnerenetees NIE. AM 


then substituting Eq. 4-34 imto Eg. 4-14 gives the following relationship 
ra = haf 1-P-cos" B) Srrerrenrenrenrenrenrerrerrerirenrenrerrenrerrenrerresrerirenr (Pe ona) 


P is called the polarization factor and indicates the polarized:light dependence of a photomultiplier tube, 
and is measured using the optical system like that shown in Pigure 4-26. 
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Figure 4-46: Optical system weed tor measuring polarized-light dependence 


In the abowe measurement, monochromatic light fram the monochromator is collimated by L, (collimator 
lens) and is linearly polarived by the polarizer (PF). The polarined ght is them focused onto the photemulbplier 
tube through Ls (condenser Jens). The dependence on the polarived light 1s measured by recording the photo: 
Touliplier tube output in acoordance wrth the rotating angle of the polarizer. 


In this case, the polarization component of the ght source must be remowed. Ths is done by interposing a 
diffuser plate such as frosted glass or by compensating for the phobomuloplier tube output values measured 
when the tabe is at 0 degree amd is then rotated to &) degrees with respect to the light axis. 


Figure 4-47 illustrates the polarized:light dependence of a side-on photomultiplier tobe with a reflection 
type photocathode. In principle, this dependence exists when the light enters slantways with respect io the 
Pootecathode surface. In actual operation, the polarization factor P is almost zero when the light eniers per 








pendicular to the transmission type photocathode surface. 
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Figure 4-47: Typleal polarization-light dependence of a side-on photomultiplier tube 


In the case of reflecbon:type photocathode photomultiplier tubes, because the photocathode is arranged at 
a certian angle with respect to the input window, the sensitivity is atected by polarized light Pigure 4-48 
Indicates the relative output of a reflecton:type photocathode photomulapier tube as 2 funcbon of the angle 
of incident light. It cam be seen that the polarisation factor P becomes smaller as the direction of the incklent 
light nears the perpendicular of the photocathode surface. 


The reflection:type photocathode photomultiplier tobes usually exhibit a polarization factor of about 1} 
percent of less, Gut tubes specially designed to minimize the polarization: light dependence offer three percent 
or bess..A single crysial photocathode such as gallium arsenide (Gasis) has high reflectance and show a 
Polarization factor of around 30 percent, which is higher than that of alkali antimonide photocathodes. 
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The polarisation that provides the maximum sensitivity is the component perpendicular io the tube axis (PF 
component). In comtrast, the polanzation that gives the minimum sensitivity is the component parallel to the 
tube axis (S component), independent of the type of tube and wavelength of incident light. As can be seen 
from Figure 4-45, this 1s prebably due io a change in the photocathode transmittance. The 5 component 
Increases In reflectance as the angle of incidence becomes larger, whereas the P component decreases. More 
aver, a5 the wavelength shifts to the longer side, the reflectance generally decreases amd the polarizatvon factor 
P becomes smaller accordingly, as shown in Figure d.7. 








In applications where the polariced: light dependence of a phobomuliplier tube cannot be ignored, 1 wall 
prove effective to place a diffuser such as frosted glass or tracing paper in front of the input window of the 
photomultiplier tube or io use a photonvultipler tube with a frosted window. 
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Figure 4-48: Relative output vs. incident angle of polarized light 
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CHAPTER 5 
HOW TO USE PHOTOMULTIPLIER TUBES 


AND PERIPHERAL CIRCUITS 





Tits chapter explains fow to wre the basic circuits and accessories 
necessary fo operate a photomultiplier tube property." 
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5.1 Voltage-Divider Circuits 


5.1.1 Basic operation of voltage-divider circuits 


For photomuliplier tube operation, a high voltage from 34M) to 200 wolis is usually appbed across the 
cathode (K) and anode (Ph, with a proper voltage gradient set up between the photoelectron focusing esectrode 
(FP), dynodes and, depending on twhe type, am accelerating electrode (accelerator). This voltage gradient can 
be set up using Independent mulople power supplies os shown in Figure 5-1, but this method is mot practical. 
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Figure 5-1: Schematic diagram of photomultiplier tube operation 


In practice, as shown in Figure 5.2 (1), the interstage voliage for each electrode is supplied by using 
voltage:dividing resistors (100 k4? to | Ma?) conmected between the anode and cathode. Sometomes #ener 
diodes are used with voltage=dividing resistors as shown im Figure 5:2 (2). These circuits are known as volt 
ape-divider circuits. 
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(2) Circuil using resistors and Zener dicdes 
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Figure 52: Voliage-divider circulis 


The current [b flawing through the voltage-divider circuits shown in Figures 3<2 (1) and (2) ts called 
divider current, and is closely related to the output linearity described later. The divider coment [b 1s approx 
mately the applied voltage V divided by the sum of resistor values as follows: 

L, = ee stenateneteentemartnsteenstmartnssemetsmarimttmersnarrentemrenerrectemarens (Big, Sal} 
(Aj+R~+A+R) aa. 


The “ener diodes (D.) shown in Figure 5<2 (2) are used to mamiain the interstage voltages af consiant 
values for stabilizing the photomultiplier tobe operatoon regardless of the magnitude of the cathode-ip-anode 
supply voltage. In this case, [b is obtamed by using Eg. 5-1. 

¥ —(Sum of voltages generated at Dri to Dee) 
Da iv eetenttteeteettees (Eq. 5-2) 
(Fi+Pie+As) 

The capacitors (C,, Cy, Cy and Cy connected im parallel with the Zener diodes serve to minimize noise 
generated by the Zener diodes. This noise becomes significant when the corrent flowing through the “ener 
diodes is insufficient. Thus care is required at this point, as this noise can affect the signal-to-noise rao of the 
photomultiplier tube quiput. 
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3.1.2 Anode grounding and cathode grounding 


As shown in Figure 5<2, the general technique used for voltagesdivider circuits 1s bo ground the anode and 
apply a lense negative voltage io the cathode. This scheme eliminates the potential voltage difference between 
the external circurt and ihe anode, facilitating the connection of circutis such as ammeters and current-to: 
wollage comverion operational amplifiers bo the photomultiplier tube. In this anode grounding scheme, how: 
ever, bringing a grounded metal holder, housing or magnetic shoteld case near the bulb of the photomultiplier 
tube, of allowing it to make contact with the balb can cause electrons in the photomaltiplier tube to strike the 
Inner bulb wall. This may possibly produce glass scimblation, resulting in a sigmiftoant increase in noise. 


Also, for head-on photomultiplier twbes, if the faceplate or bulb near the photocathode is grounded, the 
slight conductryvity of the glass material causes a small current to few between the photocathode and ground. 
This may cause electric damage to the photocathode, possibly leading io comsiderable deterioration. For this 
Teason, extreme care must be taken when designing the housing for a photomultiplier tobe and when using an 
electromagnetic shield case. In addition, when wrappome the bulb of a photomultiplier tube with foam mobber 
or simular shock-absorbing materia before mounting the tube within its electromagnetic shield case at ground 
PaMential, itis very imporiant to ensure that the materials have sufficiently good insulabon properties. 


The above problems concerming the anode prounding scheme can be solwed by coating the bulb surface 
with black conductive paint and connecting it to the cathode potential. This technique & called “HA coating’, 
amd the conductive bulb surface is protected by a insulating cower for safety. In scintillation counting, haw: 
ever, because the grounded scintillator is usually coupled directly to the faceplate of a photomultiplier tube, 
the cathode is grounded wath a high positive voltage applied to the anode, as shown in Figure 53. ‘With thos 
grounded cathode scheme, a coupuneg capacitor ((C-) mast be used io separate the positive high voltage (+HV) 
applied to the anode from the signal, making it Impossible to extract a DC signal. Im actual scintillation 
counting using this voltage-divider circuit, a problem comoerning base-line shift may occur if the counting 
efficiency increases too much, of poise may be generated if a leakage corrent is present in the coupling 
capacitor. Thus care should be taken regarding these poinis. 
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Figure &3: Grounded-cathode voltage-divider clreult 
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5.1.3 Voltage-divider current and output linearity 


In Both the anode prounding are cathode prouncding schemes and on both DAC and pulse operaivon, when ihe 
light level incident on the photocathode 14 mereased bo reas the oulpul current a shown in Figures 4-4, the 
Telabonsinp between the incadent lyeht lewel and the anode current begins to dewiabe from the weal linearity at 
@ corlain current bevel (reguon BE) and ewentually, the photomuloplier tube outpul goes ink saburation (region 
Ch 
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Figure 54: Output ol a photomultiplier tubes 


(1) DC-operation output linearity and its countermeasures 


In denving a CXC output from a photomultiplier tube using the basic operating circuit shown in Figure 45 
3, the current which actually flows through a woltage-divider resistor, for example the current flowing 
across resistor Ry, equals the difference between the divider current |, amd the anode current L, which flaws 
in the opposite direction through the circuit loop of Ps Dy Ry P Likewise, for other woltage-divider resis 
bors, the actual current 1s the difference between the divider cusrent [b amd the dynode current [p, fowing 
in the opposite direction through the voltagesdivider resistor. The anode current and dynode current flow 
act $0 reduce the divider current and the accompanying loss of the interstage voltage becomes more sigmfi 
cant in the latter dynode stages which handle larger dynode currents. 
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Figure 5-5: Basic operating circuit tor a photomultiplier tube 
The reduction of the divider cument can be ignored if the anode output current is small. However, when 
the incident light level is Increased and the resultant anode and dynoede currents are Increased, the voliage 
distribution for each dymode varies considerably as shoen in Figure 5:6. Because the overall cathode-to 


3.1 Voltage Divider Circuits a? 
anode voltage is kept constant by the high-voltage power supply, the loss of the interstage voltage at the 
Laiter stages is redistrifubed bo the previows stages so that there will be an increase in the interstage voltage. 


WHEN Fit 


VOLTAGE 


edie 





Figure 5-6: Influence of photocurrent on veltape applied to each electrode 


The loss of the inferstage voltage by means of the multiplied electron current appears most significantly 
bebeecen the last dynode (D5 m Figure 5:3) and ihe anode, but the voltage applied to this area does not 
conbibuie to the secondary emission ratio of the last dymode. Therefore, the shift in the voltage distribution 
to the earler stages resulis in a collective Increase in current amplification, as shown at region B in Figure 
Sed, [Ff the incident light level is Increased further so that the anode cusrent becomes guile large, the secomd: 
any electron omllecton efficiency of the anode degrades as the voltage between the last dymode and the 
anode decreases. This leads to the saturation phenomenon like that shoen at region © im Figure 5-4. 


While there are differences depending on the type of photomultiplier tube and divider circuit being 
used, the maximum practical amode current in a CXC output is usually 120th to 1/50th of the divider cur: 
rent. [f lmearty better than =] percent 1s required, the maximum output must be held to tess than 1/10%th 
of the divider current 


To increase the maximum linear output, there are two bechniques: one is to use a Aemer diode between 
the last dynode and the anode as shoen in Figure 52 (2) amd, if necessary, between ibe mext io Last or 
Seon to last siage as well, and the other is bo lower the voltageedivider resistor values bo imcrease the 
drader current. However, with the former technique, 17 the divider current 15. insufficient, mote wall be 
generated from the “ener diode, possibly resulting in detruemental effects of the output. Because of this, it 
is essential bo increase the divider current to an adequate Jevel and connect a ceramic capacitor having 
food frequency response im parallel with the #ener diode for absorbing the possible moise. It is also neces 
sary to marpow the subsequent circust bandwidth as much as possible, insofar as the response speed will 
penn. With the latter technique, if the voltagesdivider resistors are located very close to the phbotomulli- 
plier tube, the beat emanating from thei resistance may raise the photomultiplier tube temperature, bead: 
ing to an increase in the dark current and possible fluctaation in the output. Furthermore, since this tech: 
nigue requires a high-voltage power supply with a large capacity, if 15 advisable to increase the divider 
current more than mecessary. To solve the above problems in applications where a high linear output ts 
required, Individual power supoly boosters may be used in place of the voltagesdivider resistors at the last 
Few stapes. 
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Figure 5-7: Booster clrcult 


(2) Pulse-operation output linearity and its countermeasures 


When 2 photomultiplier tube is pulse-operated using the voltagesdivider circuit shown in Figure 5-2 (1) 
of Figure 5.3, the maximum linear owtpat 1s limged to a fraction of the divider current just as in the case of 
DxC operabon. To prevent this problem, decoupling capactiors cam be commected to the last few stages, 
shown in Figures 5-8 (1) and (2). These capacttors supply the photomuloplier tube with an electnic charge 
during the forming of sigmal pulse and restrain the voltage drop between the last dynode and the anode, 
resulting in a significant improvement in pulse linearity. [f the pulse width is sufficiently short so that the 
duty cycle is small, this method makes it possible to derive am output current up io the saturation level 
which is caused by the space charge effects in the photomuliplier tube dynodes discussed in Chapter 4. 
Consequently, a high peak output current, move than several thousand tomes as large as the divider current 
can be attained. 


There are two methods of using the decoupling capacitors: a serial commection method and a parallel 
commection method as Wustrated in Figure 5:2 below. The serial connection is more commonly used be 
cause the parallel connection requires capacitors which can withstand a high voltage. 

The following explains the procedure for calculating the capacibor values, using the circuit shown in 
Figure 5:8 (1) as an example. 











Figure 5-6 {7}: Dlvider clreult with serlal-connected decoupling capacitors 


S11 ¥edtag: Divider Corcuits Het 





Figure 5-8 (2): Voltage-divider clreult with parallel-connected decoupling capacitors 


First of all, if we let the outpui-pulse peak voltage be Vo, amd the pulse width be Tw and the joad 
resistance be Ry. the output pulse charge Qe per pulse is expressed by Bg- 5-3), as follows: 
Vv. 


ica 5. 
Oh = Tw Fi. (Eq. 5-3) 


Peat, let us find the capacitance values of the decoupling capactiors C, te Cs, using Op If we let the 
charge stored in capacitor Cy be Qh, then bo achieve good output linearity of better than 23 percent, the 
following relabon should generally be established: 

i. 100 oO. iit ames ss aac omer mci aeons ams nm ces ceca merece arama (Eq. 5 dL 

From the comumon relation of Q=(C'V (Ca is given by Bg. 5-5. 

G2 PO ac eeeeerereeeverererreerereverrerermererrererervenreerrererrenee (Eg. 5-5) 
Wo 

hormally, the secondary emission raiiod per sage of a phodomaliiplier tube 1s 9 to 3 at the mbersiage 
woltage of 100 volts. However, considering oocasions in which the interstage voltage drops bo about 7 or 
M0) volts. the charges Qb amd (Q) stored in Cz and (C, respectively are calculated by assuming that 4 betereen 
each dynode is 2, as follows: 


a gate. 
a= es a 


Then, the capacitance valees of Cy and C) can be obtained in the seme way as in C3. 


CG. 250 = 


= 


C225 1 


1 


In cases where decoupling capacilors need bo be placed m the dyvnode stages carver than Dy. m onder to 
denve an even lerger corrent outpul, the same calculaon can also be osed. 


Mi} CHAPTER S AW TO USE PHOTOSMULTIPLIER TURES AND PERIPHERAL CORCUITS 


Here, a5 an example, with the output pulse peak voltage Woe50 mV, pulse width Twe=l ws, load resis 
tance Ry =50) 42. interstage voltages W3=V2=V1=100 V, each capacitor value can be calculated in the fol- 
lowing sieps: 

First, the amount of change per output pulse is obtained as follows: 
> Stim 


te —'s j2inG 
a bon mA fn 





The capacitance values required of the decoupling capacitors (Ci, C; and (C; are calculated respectively 
as follows: 
ing 
100k 1 mA 
ing roe 
250 ——— — « 0.5nF 
Cees) TookXImA 


ing 
1OOKi2 1 mA. 


C.Z100 =inF 





C.z25 = 0.25nF 

The above capacitance values are minimum values required for proper operation. [tis therefore sug> 
pesbed that the voltage-divider circur be designed with a safety margin im the capacitance value, of about 
Lt) times: larger than the calculated values. If the output current increases further, additional decoupling 
capaciiors should be commected as necessary io the earlier stages, as well as Imcreasing the capacitance 
wilues of (C; io Cx As woth the DC operation, it should be moted that im pulse operation, even with the above 
countermeasures provided, the output deviates from the lmearity range when the average output current 
exceeds 1/230th to 1/50th of the divider current. Particular care is required when operating at high counting 
Tates even if the output peak current 1s low 


5.1.4 Voltage distribution In voltage-divider circuits 


(1) Voltage distribution in the anode and latter stages 


Even under conditions where adequate countenmeasumes for pulse output linearity have been taken by 
use of decoupling capacitors, output saturation will occur at a certam level as the incident Oght is Increased 
while the interstage voltage is kept fixed. This 1s caused by am increase in the electron density between the 
electrodes, causing space charge effects which disturb the electron current. This saturated current level 
wanes, depending on the electrode structures of the anode and last few stages of the photomultiplier tube 
and also on ihe voltage applied between each electrode. As a corrective action bo overcome space charge 
effects, the voltage applied to the last few stages, where the electron density becomes high, should be set at 
a higher value than the standard voltage distribution so that the voltage pradient betercen those electrodes 
is enhanced. For this purpose, a socalled tapered voltagesdivider circuit is often employed, in which the 
interstage wollage is Increased in the latter stages. But, sufficient care must be taken wath regard to the 
interelectrode voltage tolerance capacity. 


As an example, Figure 5-9 shows a tapered woltage-divider circuit used for a S-stape phobomultipber 
tube. In thas voltagesdivider circunt, the Dys.to-amode voltage is set at a value lower than the Dys-to-Dy: 
woltage. This 1s because the electrode distance between the last dymode and the anode 1s usually short so 
that an adequate voltage gradient can be obtained with a relatively kew voliage. 
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Figure 5-9: Pulse output linearity countermeasures using decoupling 
capacitors and tapered voltage-divider circuit 


The voltage distibution ratio for a woltage=divider circuit that provides optimum pulse linearity de 
pends on the type of photomultiplier tube. [mn high energy poysics applications, a higher pulse output is. 
wually required. Our catalog “Photomultiplier Tubes and Assemblies for Scintillation Counting and High 
Energy Physics” lists the recommended voltage distribution rates of individual voltage:divider circuits 
tended for high pulse meanty (tapered voltagesdividers) amd their maximum output current values. Use 
of these recommended voltage=divider cincuits mmproves pulse linearity 5 io 10 times more than that ob: 
tained with normal voltagesdivider circus (equally divided circuits). Figure 4-10 shows a comparison of 
Fulse linearity characteristics measured wath a tapered woltage-divider circuit versus that of a mormal volt: 
age=divider circuit. It 1s obvious that pulse linearity is pmproved about 10 times by using the tapered 
woltage-divider circuit. Note that when this bype of tapered woltageedivider circuit is used, the anode output 
wewers bo about 1/Srd to 14h m comparison with the normal voltage-divider anode output. Therefore, 
aijustment is required to increase the supply voltage for the photomulbplier tube. 
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Figure 5-10: Linearity characteristic using a tapered and a normal voltage-divider circult 
The methods discussed for improving pulse output lnearnty by use of decoupling capacitors and tapered 
woltage-divider cimcuits are also applicable for the woltage:divider circuits woth the cathode at ground po 
benHial and the anode at a high positive voltage. 
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(2) Voltage distribution for the cathode and earlier stages 


As mentioned in the previous section, the voltage distibution ratio for the Latter stages mear the anode is 
Important factor that determines the outpat linearity of a photomultiplier twhe. In contrast, the voltage 
distribution between the cathode, focusing electrode and first dynode has an influence on the photoelec 
tron callecbon efficiency and the secondary emission rabe of the Gret dynode. These parameters are mapor 
Factors in determining the output signal-bo-noise ratio, pulse height dispersion in the single and mulople 
Photon regions, and also electron transit hme spread (TTSI. 


Furthermore, the voltage dastribution at the earlier stages affects the cathode linearity, enengy resolution 
in scintillation counting amd magnetic charactenstcs of a photomultiplier tube, and therefore its setting 
requires care just as in the case of the latter stages. [In general, the voltage distribution ratios for the earlier 
sages listed in our catalog are determined in consideration of the electron collecbon eMiciency, time prop- 
erties and sipmal-tosnoise ratio. Note that since they are selected based on the recommended supgly valt- 
age, proper comective achions may be required im cases where the supply voltage becomes less than one 
half that of the recommended voltage. For example, incteasing the woltage distribution ratio at the earlier 
mages or using “ener diodes bo bodd the dynode voltage constant are necessary. Por more information on 
the photoelectron collection efficiency, output signal-to-noise ratio and other characteristics, refer to Chapier 
a. 


Figure 5-11) shows a variant of the voltagesdivider circutt shown in Figure 5-9. which provides the 
above measures for the cathode to the first dynode. 


In applications such as very low: bght-level measurement and single photon counting where shot noise 
May create a problem, and TOF (tome-of: flight) tngger counters and hodoscopes requiring fast time re 
sponse, 1b 1s very ampoctant io apply the correct voltage bo the cathode, focusing electrode and the precisely 
designed electron Jens system near the first dynode. 
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Figure 5-11: Voltage-divider clreult with tapered configurations at both the earlier and latter stages 


The recommended voltage distibution rabos sted im our catalog are selected for general-purpose ap- 
plications, with comsiderabon primarily piven to the gain. Accordingly, when ibe photomultiplier tube 
must be operated at a lower supply vollage of must provide a higher output current, selecting a proper 
woltape distribution ratio that matches the appocation is necessary. 7s to the resistance values actually used 
For the voltage-divider circuit, they should basically be selected in view of the photomultiplier tube supply 
woltage. output current bevel and required linearity. It should be nobed that if the resistamce values are 
unnecessarily small, the resulting heat generation may cause various problems, sech as an increase in the 
dark current, temperature drift in the output and lack of capacity in the power supply. Therefore, avoid 
allowing excessive divider current to flow. 
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5.1.5 Countermeasures for fast response circults 

Avs shown in Figure 5:12, inserting a lowpass filter comprised of Ry amd (, into the high-voltage supply line 
1s also effecttve in reducing moise pickup from the highevoltage line. The resistor Ry is usually several bens of 
lolohms, and a ceramic capacitor of 0.001 to O05 micepfarads which withstands high voltage 1s frequenily 
used as CC). 
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Figure 5-12: Voltlage-divider circuit with countermeasure against pulse output 


In applications handling a fast pulsed output with a mse tome of bess than )0 nanoseconds, inserting damp 
Ing resistors Hyp into the last dynode as shown in Pigore 5011 amd if necessary, Re imino the next bo last dynode 
Can feduce nnging in the oulput waveform. As damping resistors, moninduction type resistors of about 10 to 
200 ohms are used. [fF these values are too large, the Ome response will detenorate. Minimum possible values 
should be selected im the necessary range while observing the actual output waveforms. Figure 5-13 shows 
typical waveforms as observed in a normal voltageedivider circuit with or without damping resistors. It ts 
clear that use of the damping resistors effectively reduces ringing. 
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Figure 5-13: Effect of damping resistors on ringing 
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5.1.6 Practical fast-response voltage-divider circult 
The circutt diagrams of the Hamamatsu H2691.50 photomaltipber tube assembly 1s shown in Figure 5:12 
below as orachcal examples of fasi-respomse voltagesdivider circutts which have been designed based on the 
H2431-50 circuit diagram 
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Figure 5-13: 





5.1.7 High output linearity voltage-divider circuit (1) 


In pulse applications such as scintillation counting. when a phodomultiplier tube is operated at a high count 
Tale, the output sometimes encounters lmearty problems. In this case, use of transistors in place of the volt 
apeeiivider resistors af the latter stages can improve the output linearity degradation resulbing from the divider 
current limitation. 


As an example, Figure 5-14 shows a voltage-divider circuit for the Hamamatsu R329 photomultiplier tube, 
devised by FNAL (Perm National Accelerator Laboratories)". 
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Figure 5-15: Voltage-divider circuit using transistors 


In the circuit shown in Figure 5-15, a photoelectron current first flews into the frst dynode, then secondary 
electrons flow through the successive dymodes and imbo the collector of each transistor. As 2 result, the emitier 
Potential of each transisbor increases while the collector current decreases along with a decrease in the base 
current ALE this pomeé, the decrease im the oollector current 1s nearly equal to the current flowing through the 
photomultiplier tube and according!y, the transistors supply the current for the phodomuliipber tube. 


4.1 Vellage Divider Circuits. Ld 


When usime these Gamsistors, the following points must be taken into consideration. 
1. Choose transistors having a large hy, so that sufficient current cam flow into the collector. 
2. Choose transistors having good frequency characteristics. 
4. Use capactiors having pood frequency characteristics. 
4. The number of stages to which transistors are added should be determined in view of the operating 
conditions of the photomultiplier tube to be used. 


Figure 5°16 shows output mearity of a voltage:divider circuit (E5815401) using Wansistors 
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Figure 5-16: Gutput linearity of a voltagedivider circuit (E5815-01) using transistors 
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5.1.8 High output linearity voltage-divider circuit (2) 


As shown in Figure 3:17, this circuit ublizes a Cockcroft:Walbon voltage muloplier circuit in which an 
array of diodes 1s connected in semes. Along each sie of the alternate conmection points, capacitors are 
connected m series. [f the reference voliage V is placed af the impol, thos circus provides voltage potentials af 
24, 2¥ and so on at each connection point. Therefore, this power supply circuit functions just like a conven 
thonal resistive voltagesdivider circuit. In addibon, this circurt achieves good limearity for both DC and pulsed 
CurTents yet with low power consumption, making it suitable for use in compact cincutts. As Figure 5-15 
shows, the Cockcroft: Walton circuit assures higher DeC linearity than that obtained with a resistive voltage 
divider circuit 
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Figure 5-17: Gockorott-Walion circult 
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Figure 5-18: Gutput linearity 


5.1.9 Gating circuit 
Next, Jet us introduce gating circutts as 2 variant of vollagesdivider circuits. 


In general, in applications such as; fluorescence measurement, plasma electron bemperature measurement 
utilizing Thomson scatiering, Raman spectroscopy and debectvon of defects in optical transmission paths, the 
sigmal light to be measured is extremely weak in comparison with promary light levels such as the excitation 
light. For this reason, the detector system ts set up io have extremely high sensitivity. [f even pari of the 
Poimary light enters the detector system as stray light, it may cause saturation in the photomultiplier tube 
watput and in the subsequent circuits, degrading their performance. This problem could be solved cf only the 
excessive ight was blocked by use of a ultra-fast shutter such as a quid crystal. But this is mot yet practical. 
A. practical technique commonly used is “gating” by which a photemultiplier tube is electronically swriched 
to eliminate the output during unnecessary periods when excess Light may be present. 
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bly with & gating cireult 
Figure 5019 shows the circuit diagram of the Hamamatsu C1992 socket assembly with a gating circuit. The 
(214992 is 2 “normally OFP* type which noomally sets the photomulopler tube owtpat to OFF, and when a gaie 
sipmal ts inpulted, sets the photomultiplier output to CON. Also available are variant models with reverse opera: 
Hon, 1e., a “normally ON" type which sets the outpat io OFF by inpat of a pate sigmal_ 


Figure 5-18: Circult diagram of the Cida2 socket asse 





The following explains the basic operatvon of the C1392 socket assembly when used in conjunction with a 
PHotomultiplier tube. 

[f the photomuloplier tube output is OFF at a pate input of 0", a reverse bias of about 10 volts wath respect 
to the focusing electrode amd first dymode is supplied to the cathode. This prevents photoelectrons, if emitted 
by the cathode, from reaching the dynode section. Here, if a pulse signal of +2 io +4 volts is applied to the pate 
input terminal, the driver circuit gives a forward bias to the cathode via capacitance coupling, amd sets the 
Pootomulipier tube ouiput io ON during the pervod determined by the pate pulse width and the time constant 
of the capacitance-coupled circuit. This gating circuit provides a switching ratio (ar extinction ratia) of 10° of 
moore. The capacitors are connected from the first through the center dynode to absorb the sotiching noises 
often encountered with this type of gating circuit. 
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5.1.10 Anode sensitivity adjustment circults 


The photomultiplier tube anode sensitvity 1s usually adjusted by changing the supply voltage. In some 
apolecaipons, however, a single power supoly is used to operate bwo of more photonuli¢mpber tubes oF a sensi 
tivity adjustment circuit is added to the voltage=divider circuit if the variable range of the high-vollage power 
supply and amplifier is marrow. The following explains bow to provide a sensitivity adjustment circult, using 
the circuits shown in Figure 3:20 as examples. 


With the cincutts shown in Figure 5-20), there are three techniques for adjusting the voltage applied to the 
photomultiplier tobe. The first is, as shown in (]) im the figure, io use a variable resistor conmected between the 
cathode and the negative high-voltage power supply so that the voltage applied to the photomultiplier tube 
be varied. With this technique, depending on the conditions, the photomultiplier tube pain can be varied 
within a considerably wide range (up to 10 times). However, it should be nodjed that the higher the voltage 
divider resistance value, the higher the varnable resistance value should be and, m some cases, variable resis 
tors with swech a high wattage resistor may not be available. On the other hand, if the voltagesdivider resistor 
Valoe is too small, a wortable resistor with high rated capacity is required, and problems with contact failure im 
the varnlable resistor tend te occur. 

Moreover, when 2 negative high voltage is applied to the cathode as shown in the figure, a high voltage & 
aleo mmpressed on the variable resistor. Thos the howsing that contains the photomultiplier tube and associated 
circuits mast also be designed to have sufficiently high dielectric resistance 
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Figure §-20: Anode sensitivity adjustment circuits 
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The second technique, as shown im Figure 5-20 (2), 1s to short the latter dymode stages with the anode so 
that the signal is derived from a middle dynode. This 1s effective in cases where the photomuloplier tube pain 
is so high that the supply voltage may drop comsiderably and the resuliant decrease in the interstage voltage 
degrades the collection efficiency and secondary esectron emission ratio. Shorting the latter dynode stapes as 
shown in (1) reduces the number of dynode stages and assures a higher interstage voltage which results in an 
Improvement in the siegnal-tosnoise rato. However, this is acoompanted by a sacrifice in linearity characters 
cs because the owtput 1s fetched from an earber dynode. Furthermore, since the number of stages being used 
is Changed, the sensitrity versus supply voltage characteristic also varies acoordimgly. The degree of this 
variation is different from tabe io tube- 
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Figure 5-19: Gain variation and energy resolution as a function of dynode potential 


The third technique 1s performed by varying the potential of a mid:stage dynode, as shown im Figure 5-2) 
(3). This makes use of ibe fact that with a varying dymode potential, ihe number of secondary electrons 
Teleased from the dynode decreases while the collection efficiency between dynodes drops. To adjust the 
dynode potenial, a variable resistor is added between the front and rear adjacent dynodes. Although this 
method 1s relabvely easy to implement, there is a disadvantage that the sigmal-to-noise ratvo may detemorate if 
the dynode potential is varied too much. Figure 5-2] dictates the sensitwity variabon and energy resolution of 
a photomultiplier tube when the dywode potenial is varied comtinwously. It can be seen that the enengy resolu: 
on begins to deteriorate near the pomts at which the sensitivity drops by more than 3) percent. This behavior 
is not constant bat differs depending on individual photomultiplier tubes. In addition, the variable sensitivity 
Tange is met so wide. In most cases, the technique (1) or a combination of (1) amd (3) 1s used. 
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5.1.11 Precautions when fabricating a voltage-divider circuit 


This section describes the precawtoons to take when fabricating 2 voltage=divider corcunt. 


(1) Selecting the parts used for a voltage-divider circult 


since the vwoltagesdivader circuit has a direct influence on the photomultiplier tube operation, careful 
selection of parts 1s meacessary_ 


Resistors 


Because photomultiplier tubes are very susceptible to changes in the supply voltage and interstage 
woltage, metal: film resistors with a minimum temperature coeMicient should be used. Preferably, use the 
mame type of resistor for all stages, bot if not available, select resistors with temperature coefficients which 
are close bo ewch other. These resistors should also have good temperature characteristics, bot their accu 
racy is mot so comical. [f non-uniformity between each resistor is beld within 25 &, it will work sufficiently. 
This 1s. because the photemultipber tube gain vartes io some degree from tobe to tube and also because a 
woltage difference of several volts wall not affect the electron trajectories very muoch. If possible, we recom 
mend using resistors with a sufficient power rating and dielectric resistance, for examole, respectively at 
least LT times amd 1.5 times higher than necessary As a rough guide, the resistance value per stage bypo 
cally changes from 100 kf! to ] MEL. Gor damping resistance and load resistance, use mominduction type 
resistors designed for operation at high frequency. 


Decoupling capacitors 

In pulsed light applications where a fast response photomultiplier tube handdes the output with a rise 
time of less than 10 manoseconds, decoupling capacitor are connected between dynodes. For these 
decoupling capacitors, use Ceramic capactiors with sufficiently high impedance at a high frequency range 
and adequate dielectric resistance at least 1.5 times higher than the maximum voltage applied between 
dynodes. 

For the bypass capacitor used bo eliminaie noose from the power supply connected to the high-voltage 


input tenminal of a phodomlipler tube, we a ceramic capacitor having high impedance at high frequen 
cies and adequate dielectric resistance. 


Coupling capacitors 

Bor the coupling capacdtor which separates the signal from a positive high woltage applied to the anode 
in 2 prounded-cathode voltage-divider circuit, use 2 ceramic capacitor having minimum leakage current 
(which may also be a source of noise) as well as having superior frequency response and sufficient dielec- 
bic resistance. 


PC boards for voltage-divider circults 


When a voltage-divider circuit 1s assembled on a AC board and not on a photomultiplier tobe socket, we 
a bighequality FAC board made of glass epoxy or similar matevials which exhibst low leakage current even 
at a high voltage. If both sides of the PC board are used for assembly, select a board with adequate thick 


Mess. 


(Qn a glass epoxy board, the wiring space between patterns necessary to bold a potential difference of | 
kolovolt is typically | millimeter or more. 
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Leads 


For high voltage circuits, ase teflon of silicone leads which can withstand a high voltage, or ose coaxial 
cable such as the RG-S59R/1. In etther case, take sufficient care with regard to the dielectric resistance of 
leads ar conductor wires. 


For signal output lines, use of a coaxial cable sech os RG. | Td /U and 3062 ts recommended. For high: 
speed circuits, in particular, a S0.ohm coaxial cable 1s commonly used to provide the good impedance 
maich with ihe measurement equipment. However, if ihe signal current to be derived ts not very low 
(several microamperes of more) and the lead length 1s no longer than 2) centimeters, using normal Jeads. 
does mat creabe any problem in practice, as long as a noise source is mot located near the photomultiplier 


Narmal lead wires can be used for grounding. However, if there is a possibility that the ground wire may 
Make omotact with a high voltage component or socket pins, use a lead wire that withstands high voltage. 


(2) Precautions for mounting components 


This sechon describes precagtions to be observed when mounting components on 2 voltage-dreider 
circuit. Refer to Figure 5°12 while reading the following precautions. 


Voltage-divider resistors 


Considering heat dispersion, provide adequate space betocen voliage-divider resistors so as mot to al 
bow them to make contact with each other. When 2 dow resistance is used or in low: light-level measurement 
where an increase in the dark current resulting from temperature rise may creabe a significant problem, 
avoid direct connections of volttagesdivider resisbors bo the lead pins of the photomultiplier tube of to the 
socked 20 that Joule heat generated from the voltage-divider circuat is mot directly conducted to the photo: 
multiplier tube. Be sure to allow a distance betecen the photomultiplier tube and the voltage-divider cir: 
cmt. 


Decoupling capacitors 


The dead length of decoupling capaciiors used for fast pulse operation affects the photomultiplier tube 
time properties and also causes nmging due to the lead inductance. Therefore lead length should be kept as 
short as possible. Even when mounting woltage-divider resisbors remote from a photomuliplier tube, the 
decoupling capacttors must be mounted directly to the lead pins of the photomultiplier tube of bo the 
mic hoet.. 


Signal output line 


The wiring length of a signal output lime including Joad resistance should be as short as possible. It must 
be wired away from the high voltage lines and the components to which a high voltage is applied. In 
panicular, when handling fast pulse sigmals, grounding of the signal circuitry and power supply circuitry, 
as shown in Figure 5< 12. is essential. If extra-low output currents are te be derived from a photomuliplier 
tube, attention must also be paid to shielding the signal line and io preventing ohmic leakage- 
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5.2 Selecting a High-Voltage Power Supply 


Photomuliplier tube operation stability depends on the total stability of the power supply characteristics 
Including diifi, apple, temperature dependence, mput regulation and load regulation. The power supp. y must 
provide high stability which & at least 10 times as stable as the output stabality required of the photomultiplier 

Senes regulator type high-voltage power supplies have been widely used with photomultiplier tubes. Re- 
cently, a vanety of switching-regulator types have been put on the market and are becoming widely used. 
Most of the switching: regulator type power supplies offer compactness and light weight, yet provide high 
voltage and high current. However, with some models, the switching moise 1s supenmposed on the AC input 
and high voltage output or the noise ts radiated. Thus, sufficient care is required when selecting this type of 
power supoly, especially m bee-light-level detection, measurement involving fast signal processing. and pho: 
ton counting applications. 

The high-voltage power supply should have suffictent capacity io supply a maximum output current which 
15 at least 1.5 times the current actually Mowing through the voliage-divider circuit used with the pootomuli 
pler tube. 

The following table shows the guide for selecting the correct high-voltage power supply. 


Hign vollage power supply cnaractenshcs | 
(1) Line regulation 


(4) Tammerature coedlicent 05 SVC ar less 










(1) This is the percentage (90) change in the output voliage caused by varying, for example, =10 % the 
input voltage when the power supply 1s operated to provide the maximum voltage. 

(2) Thas is the difference between the output voltage at the maximum output (with fall load connected) 
and the output voltage with no load, expressed as a percentage (%) of the output voltage. 


(2) Bapole im Huctuahons (peak values) im the output caused by the oscillation frequency of the high 


(4) This is the rate of output change (%/°C) measured over the operating temperature range at the 
Takum outpat 


5.3 Connection to an External Circuit 


5.4.1 Observing an output signal 


To observe the output signal of a phobomultiplier tube, various methods are used depending on the 
Img conditions as illustrated in Figures 5-272, 5-25 amd 5-24. 


As descnbed in sechon 5.].2 in this chaptes, there are two schemes for voltagesdivider circuit operation: 
the anode grounding and the cathode grounding schemes. The anode grounding scheme permits both DC and 
Pulse operation as shown in Figures 5-22 and 45-25. On the other hand, the cathode grounding scheme uses a 
coupling capacitor to separate the high voltage applied io the amode as shown in Figure 5-24, so that only 
Pulse operation 1s feasible. But this scheme eliminates DC components produced by such factors as back 
ground light, making it suitable for palse operation. 
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Figure 5-22: Anode grounding scheme in OC operation 
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Figure 5-23: Anode grounding scheme In pulse operation 
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Figure 5-24; Cathode grounding scheme in pulse operation 
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It should be noted that when wiring the photomultiplier tube output io an amplifier circuit, the amplifier 
circuit must be wired before tarming on the high-voltage power supply. When a high voltage is applied to the 
voltagesdivider circuit even in a dark state, the possible dark current creates a charge on the amode- If the 
voltage-dtvader circuit is wired to the amplifier circust under this condition, the charge will instantaneously 
flow into the amplifier, probably leading to damage of the amplifier circuit. Extreme care should be taken 
when using high speed circuits, as (hey are more susceptible io damage. 


5.4.2 Influence of a coupling capacitor 


A coupling capactiog, required by the cathode grounding scheme, can also be used in the anode grounding 
scheme in on@er io eliminate the OC components. This section describes precautions for using 2 woltage= 
divider circuit to which a coupling capacitor is conmected. 


Output waveform 


When a photomultiplier tube is operated with the circuit shown im Figure 5-25, if the anode output pulse 
width Pw is sufficiently shorter than the tome constant CR (Ris parallel resistance of Ry and Ri), the 
bmupedance of the coupling capacitor can be ignored so the sigmal pulse current 1s divided te Moe imbo Ry 
and Ry. In this case, the input waveform is tamsmitted to the output waveform without distortion, regard 
less of the capacitance value of the coupling capacitor. However, f Pw is close to or lomger than CR, the 
outpat will have a differential waveform. Because the coupling capacitor is merely used as a coupling 
element between the voltagesdivider circuit and the amplifier circuit, Pw must be at least several tens of 
times shorter than Ce so that the output waveform has good fideltty io the Input waveform. When a S-ohm 
resistor is used for Ry, to optimize fast response operation, the time constant Ce becomes small, so care 
should be taben of this point. 


In the case of low frequency applications, the mnpedance of the coupling capacitor cannot be ignored. 
Since iis impedance 2:8 “Onf-* the output stenal decays by 3.d¢B (approximately to 7/1 0th of the pulse 
height) at a frequency f=1]/20CR,. 

Baseline shitt 

As stated above, the amount of the signal passing through the coupling capactior is stored as a core 
spockling charge on the capacitor. This stored charge Q generates a voltage of Boe QVC across both sides af 
the capacitor in the reverse dimecton of the sigmal. This voltage Eo atienuaies by a factor of V=Exe — 
related to the time constant Ca which 1s determmed by the capacitance value C and the serial resistance 
walue BL of Bi, and Ry. The voltage indeced in the capacitor is divided by KR, and RB, and the catgut voltage 
Wa is given by the folkyeing equation: 





Va = Exo eee rceemermecteeneneeteneemtet (Eg. 5-6) 


Here, if the signal pulse repetition mate increases, the base line does mot retum to the troe zero level 
Pigure 5-25 shows. This 1s known as base-line shaft, and cam be minimized by reducing the time constant 
(CR. Since the output from a phobomultipber tube is viewed as a current source, reducing the capacitor 
value increases the initial voltage E>, but shortens the discharge time. Decreasing the resistor value also 
shortens the dischange time, but this ms accompanted by a decrease mm the signal voltage, causing a problem 
with the signal:to-mome ratio. In contrast, increasing the resistor value pooduces a larger output and results 
in an improvement in the signal:boemoise ratio, bat a baseline shift tends to occur due to the long Ome 
constant. 1f Rais large, it kewers the anode potential, so care ts required when excessive current including 
eC current floers_ 
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Figure 5-25: Base-line shift 


Eventually, when the amount of charge stored on the capacitor (portion A in Figure 5-25) is discharged in 
a certain time pertod (potion ain Figure 5-25), the area of portion A is equal to the area of portion a, regard: 
less of the discharge time constant. In general, the circuit ime constant 1s longer than the signal pulse width, 
so this discharge time will have less effect on the pulse height. However, when the signal pulse repetiton rate 
is extremely bogh or accurate information on the output pulse height is needed, the discharge time cannot be 
neglected. [f a base-line shift occurs, the signal is observed 21 an apparently bower level. Therefore, when 
designing the circuit it, the optimum resistor and capacitor values must be selected so that the output pulse 
height exhibits oo fluctuations even if the signal repetition rate 1s increased. 


Furthermore, when mulople polses enter the measurement sysiem imcluding an amplifier, these pulses are 
added to create a large pulse, and a so-called “pile-up” problem occurs. Because of this, some applications 
utilize a pulse height discraminator to discem the height of individual pulses and in this case the hme resolu 
bon of the measurement device must be taken into account. 


5.3.3 Current-to-voltage conversion for photomultiplier tube output 


The outpat of a photomultiplier tube is a current (charge), while the external signal processing circuit 
usually designed to handle a voltage signal. Therefore, the current output must be converted into a voltage 
signal by some means, except when the output is measured with a high-sensitivity ammeter. The following 
describes hoe to perform ihe corenttio-voliage comversion and major precautions to be observed. 


(1) Current-to-voltage conversion using load resistance 


(ne method for converting the current ouwtput of a photomulaplier tube into a voliage output 1s to use a 
load resistance. Since the photomultiplier tube may be thought of as an idea! comstant-current source af low 
output current bevels, a load resistance with a considerably large value can theoretically be used and an 
output voltage of [pAR. can be ootained. In practice, however, the load resistance value 1s limited by soch 
factors as the required frequency response and output linearity as discussed belo 
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Figure >26: Photomuttiplier tube and output circuit 


IE, m the corcuit of Figure 5-26, we let the load resistance be Ry, and the total electrostatic capacttance of 
the photomultiplier tube anode to all other electrodes including stray capacitance such as wiring capaci 
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tance be Cs then the high-range cutoff frequency fe is given by the following equation: 


fo = Pao, Fe) a icensriiinineieHeiieninienene (Ea. 57 


Prom. thas rela, ol can be seen thal, evenif the photomulupler tobe acd ampliber have [eal response, 
the respomes 1s Gimited to ihe cutoff frequency fc determumed by the subsequent output carcuils. If the lowed 
Peslanoe i made unmecessarily large, ihe vollage drop by 1) Ry al the aminle potential 1s increased accord- 
Mply, causa Ube last-alynode-lo-anode voltage to decrease. This will increase the space change elect and 
resull in depradation of output lneanty. In most cases, therefore, use a load resistance thal proveles an 
oulpul vellage of about | vale 
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Figure 5-27: Amplifier internal input resistance 


When selecting he optimum lowd resistance, iL is also necessary bo lake account of the mternal inpul 
resistance af the ampliler connected to the photoculopler whe. Figure 3-27 shows equivalent cinco of 
the photomulapier tube outpal when conmected bo an ampliter. In this figure, if the load resistance 1m Ky 
ard the inpul resistance 1s Re, the nesuliant paralle) outpul resistance Ro 1s calculated from the folkyaing 
reLapan: 

Fin-AL 


AR; = Steg, anne eee een en ee (Bg. 5-8) 





This value of Ro, less tham the By, value, is then the effective load resastance of the photomultiplier tube. 
The relation between ihe oulpul voltage Vp al R.==4? and the ovipul vellage Vo when the oulpol was 
affected by Kin is expreswed as follows: 

—Hin _ 


Vo = Vox ce cecnasiuatiaeepees eee ee gra ae 
° Aint Rip (Bg. 5-9) 


With Rje=Ry, Wo it one-half the value of Vo. Thais means that the upper limit of the head restancs 
actually the pul resistamos Rin of the amplifter arxd that making the load resistance preater than this value 
docs nol have asapmicant efiect. Particularly, when a coupling capacitor Ce im placed between the phota- 
multipleer tube and the amplifier, a shown in Preun: 5-27 (2), an unnecessarily lange bel resistance may 
creabe a problem with the walput lewel. 


While the above description assumed the load resislanos anil intemal inpul resistance af the ampliber to 
Be purely resislve, in Practice, stray Capacitance and sitay inductance are added. Therefons, these cimeurlt 
tlement must be comiadenal as compound impedances, especially m high frequency operaln. 


Suttinarizine the above discussions, lhe following puodes should be used in determaning the load ream- 
tance: 


aT 


L. When frequency and amplitude characteristics are important, make the load resistance value as sma] 
as posable (50 ofms). Also, minimize the stray capacitance such as cable capacitance which may be 
Present in parallel wath the joad resistance. 

2. When the limearity of output amplitude is important, select a load resistance value such that the 
outpat voltage developed across the load resistance is several percent of the lasted ynode-to-anode 
woltage. 

a. Use a load resistance value equal to of Jess than the mpot impedance of the amplifter connected to the 
Paotomaultiplier tube. 


(2) Current-to-vollage conversion using an operational amplifier 


The combination of a cuvrent:t voltage comversion circuit using an operational amplifier and an analog 
of digital voltmeter enables accurate measurement of the outpot current from a photomultiplier tube, with: 
out having io use an expensive, high-sensitivity ammeter. A basic corent-:to-vollage conversion circuit 
ling an openaivonal amplifier is shown in Figure 5-28. 
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Figure 5-28: Curnent-to-voltage conversion circuit using an operational amplifier 
‘With this circuit, the output voltage V; is given by 

Mio a eg Fg eemetemeeeceercetecenscsteetenenrnerenerenerrensenstenirimermerenntenerenetsenseentecsseerres (Figg. 50) 
This relabon can be understood as follores- 


Since the input impedance of the operational amplifier is extremely high, the output current of the 
phodomualtiplier tube is blocked from flowing into the inverting input terminal (=) of the operational amp: 
fer at pomt “A im Figure 5°28. Therefore, most of the output current flows through the feedback resistance 
FR, and a voltage of ],-Ry ts developed across By Om the other hand, the operational amplifier gain (open 
loop pain) is as high as 10°, and it always acts so as to maintain the potential of the inverting input terminal 
(poi AL) at a potential equal te that (ground potential) of the non-inverting input terminal (point B). (This 
effect 1s known a an imaginary short of virtual gpround_) Because of this, the operational amplifier outputs. 
voltage Wo which is equal to that developed across Ry. Theoretically, use of a preamplifier performs the 
cuttentio-voltage conversion with an accuracy as high as the reciprocal of the open loop gain_ 


When 2 preamplifier is wsed, factors that determine the measurable current are the preanmpli 
Fier offset current (loa), the quality of Rf and insulating materials used. and wirmg methods. 


To accurately measure a very low current on the order of picoamperes (10 May, ihe folkewing points 
should be noted in addition to the above factors: 

L. Use a low-noise type coaxial cable with sufficiently bigh insulating properties for the signal output 
cable. 

2. Select a connector with adequate insulating properties, for example, 2 teflon conmecior. 

a. For connection of the photomuliplier tube anode to the input signal pin of the preamplifier, do not 
use @ trace on the pointed circust board but use a teflon standodf instead. 

4. For the actual ootout Vp-(1 +o JR Vos, if the Ry value 1s large, Io, may cause a problem. There: 
fore, select a FET input preamplifier which bas a small by, of bess than 0.1 picoamperes and also 
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3. Provide adequate output-offset adjustment and phase compensatoon for the preamplifier. 

6. Use a metal-film resistor with 2 minimum temperature coefficient and tolerance for the feedback 
resistance Rf. Use clean tweezers to handle the resistor so that mo dirt of foreign material gets on its 
surface. In addition, when the resistance value be 10° ohms or more, use a glass-sealed resisbor 
that assures low leakage cusrent. 

7. Carbon: film resistors are wot suitable as a load resistance because of insufficient accuracy amd iem 
perature characteristics and, depending on the type, noise problems. When several feedback resistors 
are used io switch the current range, place a ceramic rotary swiich with minimum Jeakage current ar 
a high-qualty reed relay betercen the feedback resistance and the preamplifier output. Also commect 
a low: leakage capacitor with pood temperature characteristics, for example a styrene capaciior, im 
Parallel woth the feedback resistors so that the frequency range can be limited to a frequency permit: 

E. Use a glasseepoxy AC board or other boards with better Insulating properties. 


(On the other hand, since the maximum output voltage of a preamplifier is typically | ip 2 volts lower 
than the supply voltage, multiple feedback resistors are usually used for switching to extend the measure 
ment current mamge. In this method, grounding the won-inverting input terminal of the preampofier for each 
Tange, Via a resistor with a resistance equal io the feedback resistance while observing the abowe precau- 
Hons can balance the input bias current, so that the offset current [qs between the input termimals can be 
reduced. 





A high voltage is applied during photomulbplier tube operation. [f for some reason this high voltage is 
accidentally output fom the photomuloplier tube, a protective circuit consisting of a resistor R. and diodes 
Di and D2 as shown in Figure 5:29 i effectve im protecting the preamplifer from beimg damaged. In this 
case, these doodes shoud have minimum leakage current and junctvon capaciiance. The BE junction of a 
low=signal aeamplification transistor or PET is commonly used_ Tf R, im Figure 5-29 1s too small, it will not 
effectively protect the circuit, but if too large, an error may occur when measuring a lange current. [t is 
sugeesied that Rp be selected in a range from several kolohms to several bens of kilooms. 





TH 


Figure 5-29: Protective circuit for preamplifier 


When 2 feedback resistance, Ry, and of as high as 10" ohms is used, if a stray capacitance, Cs exists im 
parallel with Ry as shown in Figure 3:40, the circuit exhibits a hme constant of CoRy. This bmits the 
bandwidth. Depending on the application. This may cause a preblem-. ss iWustrated in the figure, passing 
RE through 2 hole in a shield plate can reduce Cs, resuliimg in an improvement of the response speed. 


1 
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Figure 5-30: Canceling the stray capacitance by At 


If the sagnal oatput cable for a photomulaplier tobe m Lome and is equivalent capacitance is Cy: as shown 
In Figure 5:4], the Cy and Ry create a rolloff im the frequency response of the feedback loop. This rolloff 
may be the cause of oscillations. Conmecting C; in parallel wath By is effective in canceling out the rolloff 
and avoiding this cacillation, bat degradation of the response speed is inevitable. 
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Figure 5-37: Canceling the signal cable capacitance 


(3) Charge-sensitive amplifier using an operational amplifier 


Figure 5-32 (1) shows the basic circuit of a chargessemsitive amplifier usimg an operational amplifier. 
The output charge Q, of a photomultiplier tobe is stored in ©, and the output voltage Vo is expressed by the 


Yo = fQo-ch atten teseens nesters (FA. Sel 1) 
Here, if ihe cutpul current of the pholomulipber tube i 1), WO becomes 

\ 1 

Vo=- af okt jest eater risa eines Fa. S15) 


When the watpul change is accumulated continuously, WO finally increases up to a bevel near the supply 
wollage bor the preampliber, as shoreen in Figuns 5-22 (2) ane (3). 
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In Figure 5-32 (1), if a circuit is added by comnecting a PET swatch in parallel to Cy so that the charge 
sored in Cf can be discharged as needed, this circuit acts as an imbegrator that stores the output charge 
during the measurement time, regardless of whether the phoiomaloplier tube owtpui 1s DC or pulse. In 
BoMtillabon counting or photon counting, the Individual output pulses of a photomultiplier tube must be 
converted into comespaonding voltage pulses. Therefore, Ry as comnmected in parallel with Cy as shown in 
Figure 5-39, so that a circu having a discharge time constant tT=(Cr Ry 1s used. 


MPUT PULSE 
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Figure 5-33: Pulse input type charge-sensitive amplitier 


If the me constant t 1s made small, the output V5 1s more dependent on the pulse height of the input 
current Conversely, 1f t 1s made lange, Vp will be more dependent on the input pulse charge and eventaally 
approaches the value of -(Q.iCy. In scintillation counting, from the relation between the circuit time con 
tant T=RC and the fluorescent decay constant of the scintillator ts, ibe output-pulse voltage waveform 
Vit) is given by” 


mt 
Vit) a Th ie" = si ama ae cece ema ear acinar cae uc car nese mma nacre eam (Eg. 5. 13a) 


when T >> Ts. Vii) becomes 
Viti = c ge eR RR Re ee eee re D (Eg. 5-14) 
Whik, when T <*>, Vt} is 
Ot, ww, 
A ae ee Er D eecrrersrerererrresrrerrrerrrererertrestrentrenrenrenirenrenrenrenrenr (Ea. 4 
Oo (Eq. 5-15) 


When the circuit time constant T is larger than the scintillator decay comstant Ts, the mise of the output 
waveborm depends on Ts, while the fall depends ont, wath the maximum pulse height given by OFC. In 
contrast, when the circutt time constant T is smaller than Ts, the rise of the output waveform depends antT, 
while the fall depends on Ts, with the maximum pulse height given by OAC T/Ts. In most cases, the condi 
hon of T $>Ts 1s used since higher energy resolution can be expected. This is because the output pulse has 
a large amplitude so that 111s less influenced by such factors as moise, temperature characteristics of the 
scimtillabor and variations of the load resistance. In this case, it should be noted that the pulse width be- 
comes Langer doe to a Langer T and, if the repetiiion raie i high, base-line shaft and pile-up temd io occur. If 
Measurement requires a high counting rate, reducing? is effective in creating an output waveform as fast as 
the scintillator decay tyme. However, the output pulse height beoomes bewer and iends to be affected by 
moise, resulting in a sacrifice of enerpy resolution. Under ether condition, the output voliage V(t) is pro 
portional to the output charge from the photomultipber tube anode. Generally, the load capacitance is 
reduced io obtaim higher pulse height as lome as the operation permits, and im most cases the resistor value 
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1s cl ed to alter the time constant. When a Nal(T]) scintillator is used, the hme constant is usually 
s@lected to be from several microseconds to several tems of microsecomds. 


In scintillation counting, noise generated in the charge-sensitive amplifier degrades the energy resolu 
tion. This noise mainly originates from the amplifter circuit elements, but care should also be taken with 
the cable capacitance Cy indicated im Figure 5:14 because the output charge of the photomuloplier twhe is 
dwided and stored in C; and Cy. The (C5 makes the charge of (Cy; smaller compared to the amount of charge 
without Cx so the value of A-C; fC, must be large in oder t improve the signal-to-noise rate. In actoal 
Operation, however, since AC; cannot be made larger than a certain value due to various Limiting condi: 
tions, the value of (Cs 1s usually made as small as possible io improve the signal-to-noise rate. 


In scimbillaton counting measorement, a commen method of reducing the cable capacitance 1s to place 
the preamplifier im the vecinity of the photomulapier tube, remote from the main amplifier. 
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5.3.4 Output circuit for a fast response photomultiplier tube 


For the detection of light pulses with fast mise and fall times, a coaxial cable with 50-ohm impedance is used 
to make connection between the photomultiplier tube and the subsequent circuits. 


To transmit and recerve the signal output waveform with good fidelity, the output end must be terminated in 
@ pure resistance equal to the charactenstic impedance of the coaxial cable as shown in Figure 5:25. This 
allows the pmpedanmce seen from the photomulimpber tobe to remam constant, Independent of the cable length, 
Taking if possible to reduce “ringing” which may be observed in the output waveform. However, when using 
an MCP: PMT for the detection of ultra-fast phenomena, if the cable lengih 1s made unnecessarily long, 
distortion may oocur in signal waveforms due io a signal loss in the coaxial cable. 


TE a proper impedance match 1s not provided at the output end, ihe eepedance seen from the photomulti- 
Puler tube vanes with frequency, and further the mmpedance value 15 also affected by the coaxial cable Jemgth, 
and as a result, ringing appears in the output. Such a mismatch may be caused not only by the terminated 
Tesistamce and the coaxial cable bat also by the conmectors or the temminatiion method of the coaxial cable. 
Thus, sufficient care must be taken to select a proper commector amd also to avoid creating impedance discon: 
ingity when conmecting the coaxial cable to the photomultiplier tube or the conmector- 


‘SOL StH: 
CONNECTOR CONNECTOR 






MAT CHS RESISTOR eo) 
hd PT SIS 
Ti _Cas 


Figure 5-35: Gutput clreult impedance match 
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When a mismatch oocurs af the coaxial cable ends, all of the output signal energy 1s not dissipated at the 
auiput end, but is partially reflected back to the photomultiplier twhe. If a matching resistor is not provided on 
the photomaultipber tube side, the photomultiplier tobe anode is viewed as an open end, so the sigmal will be 
reflected from the anode and retumed to the ouiput end again. Thos reflected signal is observed as a pulse 
which appears after the main pulse with a Ome delay equal to the pound trip through the coaxtal cable. This 
signa] repeats iis round inp until its total emergy is dissipated, as a result, imging occurs at the output end. To 
prevent this, providing an impedance maich mot only af the output end but also at the phojomulbplier tube side 
15 effective to some extent, although the output voltage will be reduced to one-half im comparison wath that 
obiained when impedance maich is done only at the output end. When using a photomultiplier tube which ts 
not 2 fast response type of using a coaxial cable with a short length, an impedance matching resisioc is not 
necessarily required on the photomultiplier tube side. Whether or mot to connect this resistor to the photomul- 
tplier tube can be determined by doing Mial-and-error impedance maiching. Among photomultiplier tubes, 
there are special types having a Whohm matched outpal impedance. These tobes do not require any maiching 


resisbor. 





Next, let us consider waveform observation of fast pulses using an oscilloscope. A coaxial cable ma bed 
with a matching resistor offers the advantage that the cable length will oot greatly affect the pulse shape. Since 
the maiching resistance 1s usually as low as 30 io 100 ohms, the output voltage becomes very bow. Even so the 
signal output waveform can be directly observed with an oscilloscope wsing ts intermal impedance (50 ohms 
ar] megohm), Gut some cases may require a wide-band amplifter with high gam. Such an ampliffer usually 
has large noe and possibly makes it difficult to measure low-level sigmals. In this case, io achieve the desired 
auiput voltage, 1b 1s more advanlageous to bring the photomultiplier tobe as close as possible to the amplifer 
io reduce the stray capactiance as shawn im Figure 5-26, and also io use a large load resistance as lomg as the 
frequency response 1s not degraded. 
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Figure 5-36: Wavetorm observation using an oscilloscope 


Ties relatively semple io fabricate a fast amplifter with a wide bandwidth usimg a video PC of pulse type PC. 
However, in exchange for such design convenience, these ICs tend io reduce performance, such a introducing 
noise. For optimum operation, it is therefore necessary to know their performance limits and take corrective 


As the pulse repetition raie increases, a phenomenon called “base-line shoft" creates another reason for 
ooncem. This base:line shift oocurs when the DC signal component has been eliminated from the signal 
circuit by use of a coupling capacibor. [f thas occurs, the zero reference level shifts from ground to an apparent 
zero bevel equal to ihe average of the output pulses. Furthermore, when mauliiple palses enber within the ome 
resolubon of the measuring sysiem including the amplifier, they are integrated so that a large output pulse 
apoears. This is known as “pile-up". Special care should be taken in cases where a pulse height discrimmatar 
1s used to discern the amplitude of individual pulses. 
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5.4 Housing 


A. photomultiplier tube housing is primanly used to contain and secure a photomultiplier tube, but it also 
provides the folkewing functions: 


1. To shield extraneous light 
2. To eliminate the effect of extemal electrostatic fields 
4. To redece the effect of extemal magnetic fields 


The following sections explains each of these functions 


5.4.1 Light shield 


Since a photomultiplier tube is a highly sensitive photodetector, the signal ght level to be detected 
typically wery low and therefore care must be exercised in shielding extraneous light. Por instance, when a 
oonmnector is used for sigmal input/output, there 1s a possibility of light leakage through the connector itself or 
through its mounting holes and screw holes. Furthermore, light leakage may occur through seams in the 
housing- 


As a comectve achion, when mounting connectors or ober components in the bowsing, use black silicone 
Tubber at any location where light leakage may ooour [tis also Important io use black soft tape or an O-nmp so 
as to fill im any gaps around the components attached to the housing. In addition, it is mecessary to coat the 
inside of the housing with black mat paint in order to prevent reflection of scattered light. 


5.4.2 Electrostatic shield 


Since photomultiplier tube housings are made of metal such as aluminum, maintaming the housing at 
fround potential provides an effective shield wath respect bo external electrostatic frelds. The inside of the 
housing is usually coated with black paimt to prevent diffuse reflection of Oght, so care 1s required to be certain 
that the point does not interfere with the contact of the ground Line. If amy object at ground potential 1s brought 
close to the bulb of a photomultiplier tube, nose increases, so that the housing should have sufftcient separa: 
Hon from the phoiomaulipler tube. 


5.4.3 Magnetic shield 


As will be descobed in Chapter 13, pootomultipber tubes are very sensitive to a magnetic Geld. Even 
terrestrial magnetism will have a detrimental effect on the photomultiplier tube performance’. Therefore, in 
Precision phwiometry or in applications where the photomuloplicr tube must be used in a highly magnetic 
field, the use of a magnetic shield case is essential. However, onlike the electrostatic shield, there exists no 
oondectors that carry the magnetic flux. Shielding a magnetic fed completely is not possible. One common 
technique for reducing the effect of an external magnetic Held is bo wrap a metal shield having high perme 
abality around the photomultiplier tube bulb, bot sech a metal shied cannot completely block the magnetic 
fed. An optimum shedding maternal and method must also be selected according io both the strength and 
frequency of the magnetic fields. 

In general applications, if is not necessary to fabocale the entire howsing from bigh-permeability materials. 
Insbead, a pootomuloplier tube can be wrapped inio a cylindrical shield case. Among shielding materials, 
“Permalloy" is the best and is widely used. The effect of a magnetic shoeld ts described below. 
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(1) Shielding tactor of magnetic shield case and orlentation of magnetic tleld 


Photomultipier tubes are very sensitive to an external magnetic fied, especially for head-on types, the 
oubput varies significantly even with terrestrial magnetism. To eliminate the effect of the berrestrial magne 
Hem or to operate a phobomulapoer tube under stable conditions in a magnetic field, a magnetic shield case 
must be used. (Also refer to Chapter 13.) Utalizing the fact that a magnetic field is shunted through an 
object wath high permeability, tt is possible bo reduce the influence of an extemal magnetic Geld by placing 
the photomuloplier tube within 2 magnetic shreld case, as illustrated in Pigure 5.37. 





Figure 5-37: Shisiding eftect of a magnetic shield case 


Let os comsader the shielding effect of a magnetic shield case illustrated im Figure 5-37. As stated, the 
magnetic shield case is commonly fabricated from metal with high:permeabality such as Permalloy. The 
shielding factor S$ of swch a magnetic shield case is expressed as follows: 


where Hj. and His are the magnetic field strength inside and motside the shield case respectively, tis the 
thickness of the case, ris the radius of the case and wis the permeability. When two of more magnetic 
shield cases with different radi are used in combination, the resudant shielding factor S' wall be the prod 
wot of the shielding factor of each case, as expressed in the following equabon: 


S'a §1X52%53---5, 
7 St x Sila Sola, x SN se (Eg. 5-17) 
ar 00 ar, ry 4. 

When a magnetic shield case i used, the magnetic field strength inside the case Hy. which 1s actually 
imposed on the photonmultqplier tube, 1s reduced to a level of H..y/S. For example, if a magnetic shield case 
with a shielding factor of 10 is employed for a photomultiplier tube operated in am external magnetic Held 
of 30 mualliteslas, this means that the photomultmplier tube 1s operated in a magnetic field of 3 milliteslas. In 
Practice, the edge effect of the shield case, as wall be described later, creates a loss of the shielding effect. 
But thas approach is bastcally correct 


Figure 5038 shows the outpot variations of a photomultiplier tube with and without a magnetic shield 
case which is made of “PC” materials with a 0.6 millimeter thickness. It & obvpous that the shielding is 
effective for both XM and YW awes. Por these axes the shielding factor of the magnetic shield case must be 
equal. However, the ¥ axis exhibits better magnetic characteristics than the X axis when wot using a map 
metic shield case, so that the ¥ axis provides a slightly better performance when used wath the magnetic 
shield case. In ihe case of the 2 axis whoch 1s parallel to the tube axis, the photomultiplier tube wsed with 
the magnetic shield case shows larger output variations. [tis tought that, as descobed m the section on the 
edge effect, this is probably due to the direction of the magnetic field which is bent near the edge of the 
shield case. 
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Figure 5-38: Magnetic characteristics of a ph 
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(2) Saturation characteristics 
When. a. 6-H comes which represents the relationship between the extermal magnetic Held strength 
(EH) and the magnetic flux density (8) traveling through 2 magnetic matevial, a saturation characteristic is 
geen as shoen in Figure 5.19. 
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Figure 5-40: Permeabllity and external magnetic Teld 
simce the permeability wp of a magnetic material is given by the G/H rato, p varies with H as shown in 


$4 Housing it 


Figure 5-4) with a peak at a certain A level and above it, both w and the shielding factor degrade sharply. 
Data shown in Figure 5-40 are measured using 2 magnetic shield case EVES (0.8 millimeter thick) manu 
factured by Hamamatsu Photonics when a magnetic field is applied in the direction perpendicular to the 
shield case axis. 


Magnetic shield cases are made of a “PC” material whoch contains large quantities of nickel. This 
material assures very high permeabality, but has a rather low saborabon level of magnetic flux density. Ina 
weak magnetic Meld soch as from terresinal magnetism, the “PC* maternal provides good shielding factor 
as high as 10’ amd thus proves effective in shielding out terrestrial magnetism. In contrast, "PB" material 
which contains small quantibes of nickel offers high saturahon levels of magnetic flux densrty, though the 
permeabality is lower than that of the "PC" material. Figure 541] shows the anode output variations of a 
photomultiplier tube used with a magmetic shield case made of “PC* or “PR* maternal. As the magnetic 
Flux demsity is Increased. the anode output of the phodomaltipler tube used wath the “PC” material shield 
case drops sharply while that osed wath the “PE” material shield case drops slowly. Therefore, in a highly 
magnetic field, a "PIC" material shield case should be used in conjunction with a shield material such as. 
soft-inon or thick PE material with a thickness of 3 to 10 millameters, which exhibits a high saturation level 
of magnetic flux demsity- 
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Figure 41: Magnetic characteristics of a photomultiplier tube 
used with magnetic shield case (PB material) 


(3) Frequency characteristics 


The abowe description conceming the effect of magnetic shield cases, refers entirely to DAC magnetic 
Aelds. In AC magnetic fields, the shielding effect of a magnetic shield case decreases with mcreasing 
Frequency as shown in Figure 5-42. This is particularly noticeable for thick materials, so it will be prefer 
able to use a thin shield case of 0.05 bo-0.1 millimeter thickness when a photomultiplier tobe is operated in 
a maemetic held at frequencies from | kHz to 10 kHz. The thickness of a magnetic shield case musi be 
carefully dedermimed to Gnd the optimum compromise between the saturated magnetic flux density and 
Frequency characteristics. 
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Figure 5-42: Frequency characteristics of a magnetic shield case 
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(4) Edge effect 

The shielding effect piven by St pwr apples to the case in which the magnetic shield case is sufficiently 
Long with respect to the overall lengih of the photomultiplier tube. Actual magnetic shield cases have a 
Finite length which is typically only several mollimeters. to several centimeters longer than the pootomuli 
plier tube, and their shoelding effects deteriorate near both ends as shown im Pigure 5-43. Since the photo: 
cathode to the first dynode region is most affected by a magnetic field, this region must be carefully 
shielded. For example, in the case of a head-on photomultipber tube, the tube should be positioned deep 
inside the magnetic shield case so thet the photocathode surface ts hidden from the shield case edge by a 
length equal io the shield case radims of diameter. (See Figure 5-41.) 
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Figure 5-43: Edge ettect of a magnetic shield case 


(5) Photomultiplier tube magnetic characteristics and shielding effect 


Figure Sedd shows magnetic characteristics of typical photomultiplier tubes (anode output variations 
wersus magnetic flax density characteristics) and the shielding effects of magnetic shield cases (Hamamatsu 
EQG9 senesi. ft can be seen from these figures that ose of a shield case cam greaily reduce the mfluence of 
magnetic fields of several molliteslas. 
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Figure 54; Effect of magnetic shield case 


(6) Handling the magnetic shield 


Magnetic shield cases are subject bo detemoratoon in performance due io mechanical shock and defor 
mation therefore sufficient care musi be ewercised during handling. Once the performance has deterio 
rited, a special annealing process 1s required for recovery. In particular, since the permeabality charactens 
Hcs are more susceptible to external shock and stress, avood any alteration such as drilling and machining 
the shield case. 


If any object at ground potential is brought close to the Gulb of a photomultiplier tube, the photomuli 
Plier tube ooise Increases considerably. Therefore, using a magnetic shield case larger than the phobtomul 
plier tube diameter is recommended. In this case, positioning the photemulbplier tube in the center of the 
shield case is important, otherwise electical problem may occur. Foam rubber of similar materials with 
food buffering and insulating properties can be wsed to bold the photomultiplier tube im the shield case. 
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For safety and also for noise suppression reasons It is recommended that the magnetic shield case be 
grounded via a resistor of 5 to 10 M2, although this is not mandatory when a HA-coating photomultiplier 
tube (Sere 13.8.2 im Chapter 19) of a photomuloplier tube with the cathode at ground potential and the 
amide at a positive high voltage is used. In this case, sufficient care must be taken woth regards to the 
Insvlabon of the magnetic shield case. 


For your reference when installing a magnetic shield case, Figure 5-45 illustrates the stractore and 
dimensions of a housing and flange assembled woth a magmebe shield case, which are available from 
Hamamatsu Photonpcs. 


Housing: For head-on photomultiplier tube 
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Figure 5-45: Magnetic shield case assembled in housing and flange 
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5.5 Cooling 


As described in Chapter 4, thenmionic emission of electrons 1s a major cause of dark current. It is especially 
Predominant when the photomultiplier twbe is operated in a normal supply voltage range. Because of this, 
omoling the photomuliplier tube can effectively reduce the dark current and the resulting noise pulses, im 
proving the signal-toenoise rateo amd enhancing the lower detecbon limit. However, the following precautions 
are required for cooling a photomultiplier tube. 


Photomultiplier tube cooling is usually performed in the range from (°C to —30°C according to the tem 
perature charactertstac of the dark current. When 2 photomuloplier tube i cooled bo such a temperature level, 
moisture condensaion may occur at the input window, bulb stem of voltagesdiaider circuit. This comdensabon 
may cause 2 boss of light at the mput window and an increase in the leakage current at the bulb stem or 
voltage:divider circuit. To prevent this condensation, circulating dry moitrogen gas is recommended, but the 
equipment configuration or application often limits the use of liquid nitrogen pas. For efficient cooling, 
Hamamatsu provides thermoelectric cooler having an evacuated double-pane quartz window with a defogger 
and also air-tight socket assemblies. An example of thermoelectric coolers is shown in Figure 5-44, along 
with a suttable socket assembly. 
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Figure 5-46: Thermoelectric cooler (manufactured by Hamamatsu Photonles) 


The cooler shown in the above figure 1s idenbcal with the Hamamatsu C4877 and C4&7S coolers. The 
Cast? is designed for 5] mm (2%) and 38 mm (1.2") diameter head-on photemuloplier tubes, while the 
CARTE is for MCP-PMTs. Either model can be cooled down to «30°C by thermoelectric cooling. 


Ifa socket made by other manufacturers is used with a Hamamatsu photomultiplier tube, the bulb siem of 
the photomultiplier tube may possibly crack during cooling. This is due to the difference in the thermal 
expansion coefficient between the socket and the bulb stem. Be sure to use the mating socket available from 
Hamamatsu. Stem cracks may also occur from other causes, for example, a distortion in the stem. When the 
bulb stem is to be cooled below —30°C, the socket should not be used, instead, the lead pins of the photomul 
tipber tube should be directly comnected to wiring leads_ To facilitate this, use of socket contacts, as illustrabed 
In Figure 5-47, will prove belpful. 
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Figure 547: Connecting the ead pins fo the socket contacts 


Thermionic electrons are emitted not only from the photocathode but also from the dynodes. Of these, 
thermionic emissions that actually affect the dark current are those from the photocathode, Dy, amd Dy», 
because the latter-stage dynodes contribute Jess bo the cucrent amplification. Therefore cooling the pootocath 
ode, Dyl, and Dy? proves effective in reducing dark current and besides, this is advantageous in view of 
possible leakage currents which may occur due bo moistore condensation on the bulb stem, base of socket. 


The intenor of a photomultiplier tube 1s 2 vacuum, so heat is conducted through tt very slowly. It is there 
fore recommended that the photomultiplier tube be left for ome hour of longer after the ambient temperature 
has reached a constant level. so that the dark current and noise pulses wil] become constant. Another point to 
be observed is. that, since heat generated from the voutagesdreider resistors may heat the dymodes, the voltage 
divider resistor values should oot be made any smaller than necessary. 
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PRIOR COMMING Lf an effective technique used fo defect very-low- 
level-light such as Kaman spectroscopy, fluorescence analysis, and 
chemical or ological luminescence analysis where the absolute map- 
Ainwde of the fight ts extremely low. Tis section describes fhe prin- 
Ciples of pion CoMwnting, ifs operating methods, detection capahuli- 
hes, and advantages as welll as typical characteristics of photomudi- 
Bier tnbes designed for PAN COWNTIALE. 
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6.1 Analog and Digital (Photon Counting) Modes 


The methods of processing the output signal of a photomultiplier tobe can be broadly divided into analog 
and digital modes, depending on the incident light intensity and the bandwidth of the outpat processing cir 
curt. 


As Figure é-1 shows, when light strikes the photocathode of a photomultiplier tube, photoelectrons are 
emitied. These photoelectrons are multiplied by the cascade process of secomdary emission through the dyn 
odes (normally 1" to 10’ mes} and finally reach the anode connected to an output processing circuit. 
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Figure 6-1: Phojomultiplier tube operation in counting mode 
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When oosercing the output signal of 2 photomuldtipber tube with an oscilloscope while varying the incident 
light level, output pulses lake those shown in Figure 6-2 are seen_ At higher light levels, ihe output pulse 
Intervals are narrow st that they overlap each other, producing an analog waveform (similar to (a) and (b) of 
Figure 602). Lf the bght level becomes very low, the rabo of AC component (fluctuation) in the signal in 
creases, amd finally the output sigmal wall be discrete pulses (ke (c) of Figure #2). By discriminating these 
discrete pulses at a pooper binary level, the number of the signal pulses can be counted im a digital mode. This 
1s Common); known as photon counting. 


In analog mode measurements, the output signal 1s the mean value of the sigmals mcluding the AC compo 
nents shown in Figure 6-2 (a). In contrast, the photon counting method can detect cach pulse shown in Figure 
@e2 (c), so the number of counted pulses equals the signal. This photon counting mode uses a pulse beight 
discriminator that separaies the signal pulses from the noose pulses. enabling high-precision measurement 
wiih a higher signal-to-noise rae compared to the analog mode and making photon counting exceptionally 
effective in detecting bow lewe! light. 
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Figure 6-2: Photomultipiier tube output waveforms observed at different light levels 


6.2 Principhe of Photon Cousting 2? 


6.2 Principle of Photon Counting 


When ght incident on a photomultiplier tube becomes very bew and reaches a stabe In whoch oo more than 
teo photoelectrons are emitted within the time resolution (pulse width) of the photomultiplier tube, this light 
level & called the single photoelectron region and photon counting 1s performed im this region. Quantum 
eMiciency, an important parameter for photon counting, signifies the probability of photoelectron emission 


In this single photoelectron region, the number of emitted electrons per photon 1s one or zero and the 
quantum efficiency can be wiewed as the rato of the momber of photoelectrons emitted from the photocathode 
to the cumber of incident photons per unit time. The probability that the photoelectrons emitted from the 
Pootocathode (primary electrons) will impinge on ihe first dynode and contribute to gain 1s referred to 
om“ lection efficiency. Some photoelectrons may oot contribute to gain because they deviate from the normal 
trajectories and are not collected by the first dynode. Additionally, in the photon counting mode, the rabo of 
the number of counted pulses (output pulses) to the umber of incident photons is called detection efficiency 
or photomultiplier tabe counting effictency and is expressed by the following relation: 

Setection efficiancy (counting eficiency)= (Nd/Np) = 1 Xc 
in the photon counting region — (Bq. oI) 

where “dis the counted value, Np is the number of incident photons, yO & the quantum efficiency of the 
Pootecathode anda 1s the collecbon efficiency of the dymodes. The detection efficiency preatly depends on 
the threshold level used for binary processing. 





The number of secondary electrons released from the 
first dymode is not constant [1 around several second: 
ary electrons per primary electron, with a broad prob 
abality mowghly seen as a Poosson distribution. The aver 
age number of electrons per primary electron core 
sponds io the secomdary-electron muliiplicatvon factor 
wf the dynode. Similarly, this process & repeated through 
the second and subsequent dynodes until the final elec 
tron bunch reaches the anode. In this way the output mul: 
pied in accordance with the number of photoelectrons. 
tomvultiplier tube has n stage dymodes, the photoelectrons. 
emitied from the photocathode are mulbplied in cascade 
up io times and derived as an adequate electron bunch 
from the anode. In this process, each output pulse ob 
tained at the anode exhibits a certain distribution in pulse 
height because of fluctuatvons in the secondary mult 
PUcaton factor at each dymode (statistical fluctuabon due 
to cascade muliplication), non-uniformity of maultipl 
deviating from ther favorab’ trajectories. Figure 6-3 
Ulustrates a histogram of photomultipber tube output 
Pulses. The abscissa indicates the pulse berghi and the 
anode output pulses are integrated with time. This graph 
is knoven as the pulse height distibation. 
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Figure 6-3 also shows the relation between the pulse 
height distribution and the actual outpat pulses obtained —-/FAure &S: Photomuttiplier tube output and 


with a photomultiplier tube. The pulse height distribu Me pales hag ietibaiton 
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thon is usually taken with a multichannel analyzer (MCA) frequently used im scintillation counting applica 


Figure 6-4 (a) shows examples of the pulse height distribution obtamed with a photomultiplier twhe. There 
are oubpud pulses present even if no light falls on the photomultiplier tube, and these are called dark corrent 
pulses of noise pulses. The broken lime indicates the distribution of the dark current pulses, with a tendency to 
build up somewhat in the lower pulse height region (Left side). These dark pulses maimly origmate from the 
thermal electron emission af the photocathode and also at the dynodes. The thermal electrons from the dyn 
odes are muloplied less than those from the photocathode and are therefore distributed in the lower pulse 
height region. 

Figure 6-4 (6) indicates the distribution of the total number of counted pulses S(L) with amplitudes greater 
than a threshold bevel L shoe in (a). (a) amd (6) have differential and integral relations to each other. Ibem (h) 
15a typical integral curve taken with a photon counting system using a photomultiplier tube. 
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Figure 6-4: Differential and integral re 5 of pulse helghe distribution 
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6.3 Operating Method and Characteristics of Photon Counting 


This section discusses specific circuit configurations used to perform photon counting and the basic char 


(1) Clreult configuration 


Figure $5 shows a typical circuit configuration for photon counting and a pulse waveform obtained ai 
each circuit. 
—— (UL 
4 
F 





Figure 6-5: Clreuit configuration for photon counting 


In the above system, current output pulses from a photomultiplier tube are converted io a voltage by a 
wide-band preamplifier and amplified. These voltage pulse are fed bo a discriminator and then to a pulse 
shaper. Finally the number of pulses is counted by a counter. The discriminator compares the input voltage 
pulses with the preset reference voltage (threshold level) and eliminates those pulses with amplibodes 
bower than this value. In general, the LLD (lower level discrimination) bevel 1s set af the lower pulse heighi 
side. The ULD (upper level discrimimation) level may also be often set at the higher pulse height side bo 
eliminate noise pulses with higher amplitudes. The counter is usually equipped wiih a pate circuit, allaw 
Ing Measurement at different mings amd intervals. 


(2) Basic characteristics of photon counting 
8) Pulse height distribution and plateau characteristics. 


If a multichannel! pulse height analyzer is available, a proper threshold level can be set im the pulse 
height distibution. Typical pulse height distibutions of signal pulses and noise pulses are shown In 
Pigure 606. Ebecause the dark current pulses are usually distributed im the lower pulse height region, 
setting the LILO level in the vicinity of the valley (L)) of the distmibution can effectively eliminate such 
mise pulses without sacmhcing the detectoon efficiency. In actual operation, however, using a pulse 
height analyser is mot so pogular. Other methods that find plateau characteristics using the circuit of 
Figure 6-5 are more commonly employed. By counting the total number of pulses with amplitudes 
higher than the preset threshold level whole varying the supply voltage for the photomultiplier tube, 
plots similar to those shown in Figure 4-7 can be obtained. These plots are called the plateau charac: 
beristics. Im the platewo range, the change in the number of counts Jess depends on the supoly voltage. 
This & because only the number of pulses is digitally counbed in photon counting, while in the analog 
mode the gain change of the photomuloplier tube directly affects the change of the ovitpui pulse 


1a CHAPTER 6 PHOTOS COLNTIENG 


(SHIFTS TO ANGHT AS. 
SUPPLY VOLTAGE IS INCREASE) 


NUMBER OF GOUNTS 





: mw 2 oo 40 50 8 Teo ogo goo 1000 


ToS Ca 


NUMBER OF COUNTS 


fae 
= 2 ae ee 


We 140 if 


SUPPLY VOLTAGE (eV) 








Tete OT 





Figure 6-7: Plateau chars 


b) Setting the photomultiplier tube supply voltage 


The signal-to-noise ratio is an Important factor from the wewpomt of accurabe measurements. Here 
the sigmal-to-moise ratio is defimed as the ratto of the mean value of the signal count rate to the fluctua 
hon of the counted signal and moise pulses (expressed im standard deviateon or moot mean square). The 
mien) sboenoise mato curve shown in Figure @=7 is plotted by varying the supply voltage, the same 
procedure which is used to obtain the plateau characteristics. This figure implies that the photomulb 
Plier tube should be operated im the range between the voltage (Wo) at which the plateau region begins 
amd the maximum supply woeilage. 


64 OUperding Method asd Characteristics for Phedon Comnting 131 


c) Count rate linearity 


The photon counting mode offers excellent linearity over a wide range. The kewer limit of the count 
rate linearity is determined by the number of dark current pulses, and the wpper limit by the maximum 
count rate. The maximum count rate further depends on pulse-pair resolution, which is the minimum 
time interval at which each pulse can be separated. The reciprocal of this pulse paw resolution would 
be the maximum count rate. However, since most events in the photon counting region usually cocur 
at random, the counted pulses may possibly overlap. Considering this probability of pulse overlap 
ping (count errog caused by pulse overlapping), the actoal maximum count rate will be about one 
tenth of the calculated above. Here, 1f we let the tre count rate be (sy, Teeaured count rate be Mi 
(s") and time resolution be t(s'), the loss of count rate N - M can also be expressed using the dead 
time Mot caused by pulse overlapping. as follows: 


Ne MM = M4 
The true count rate S then becomes 


a ML 
1—Mit 


The count error can be corrected by using this relation. 


mttemesemttemssemttenetemstenttemestmattnssemtrinetematenttemssetttetsomeremesemereets (Bg. ie) 


Figure <8 shows examples of count rate limearity data before and after correction, measured using 
a system with a pulse pair resolution af 18 nanoseconds. The count error is corrected ta within | % 
even at a count rate exceeding O's! 
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Figure 6-8: Linearity of count rate 
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d) Advantages of photon counting 
Photon counting has many advantages in comparison with the anaiog mode. Among them, stability 
amd signal-to-noise ratio are discussed im this section. 
(|) Stability 
One of the significant advantages photon counting offers is operating stability. The photon 

counting mode 1s resistant to variatbons in supply voliage and pootomulbplier tube gam. If the 
supply voliage 1s set within the plabeau region, a change in the voltage has bess effect om the 
output counts. In ihe analog mode, however, i affects the output current considerably. Inumau 
nity to vanatbons in the supply voltage means that the photon counting mode also assures high 
stability against gain fluctuation of the photomultiplier tube. Normally the pooton counting 
mode offers sewer] times higher immunity bo such variations than the analog mode. (Refer to 
Figure 6-9.) 
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Figure 6-9: Stability versus changes In supply voltage 

When signal light stribes the photocathode of a photomultiplier tube, photoelectrons are 
ber of photoelectrons produced per unit Ome and also the number of secondary electrons 
produced are determined by statistical probability of events which is represented by a Poisson 
distribution. The signal-to ratio is also described in 4.3.7 in Chapter 4. The AC compe: 
ment noise which is superimposed on the signal can be categorized by origi as follows 

(1) Shot Noise resulting from sigmal light 

(2) Shot Noise resulting from background light 

(3) Shot Noise resulting from dark current 
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In the analog mode, the signal-to-noise ratio” '"' of the photomultiplier tube output in 
cluding these shot noises becomes 


sy ; h 
SN rato(currant) = ESSE. penrerrerrenrenrer (Bg. G3) 


where 
lpn: signal current produced by incident light (A} 
e: electron charge (c} 
F: naiee figure of tna photomultiplier tube (A) 
Ib: cathode currant resulting from background light (Al 
Id: catnode current resulting from dark current (4) 
B: Bandwidth of measurement system (Hz) 

Here the true signal current Iph is obtained by subtracting [b+Id from the total current The noise 
onginatiing fom the latterstage amplifier is considered to be negligible because the typical pain wp of 
a photomuliplier tube 1s sufficiently large. 

The signal:to-noise rabio in the photon counting mode 1s grven by the follewing equation. 

| : NewT 
SW ratio = siecle eae snare ce anseatacueetaceicie tte a 
(NevaiNos Na) Fa 64 
where 
Ne: number of counts’'sec resulting from incident light per second 
Nib: number of counts'sec resulting from background lignt per second 
Nd: number of counta/‘sec resulting from dark current per second 
T: Measurement time (sec) 

Here the number of countssec of trot signals Ns is objaimed by subtracting hed from the total 
number of comunts. 

From the common equivalent relation between the Ome and frequency (T=1/284, f B=1 (Az) and 
T=05 (sec), then the signal-tosnoise ratio will be as folles: 


SN rato(current) = 





ZeNFEIIpne2llbeld| erearenrceniarcarmerean (Ey. Gals) 


SN ratio = 5 





Through the above analysis, it is understood that the photon counting mode provides a better sig 
nal-to-ndise mabe by a factor of the noise figure NF. Since the dark cusrent includes thermal electrons 
emitted from the dymodes im addition to those from the photocathode, its pulse height distribution will 
be shifted toward the lower pulse height side. Therefore, the dark current component can be effec 
tively elimmated by use of a polse heaght discriminator while maintaining the signal component, 
assuring further improvement in the signal-to-noise mateo. In addibon, because only AC pulses are 
counted, the photon counting mode is mot influenced by the DC leakage corrent Amplifier noises can 
totally be eliminated by 2 discriminator. 
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CHAPTER 7 


SCINTILLATION COUNTING 





Radiation of various types is widely wiilized for non-destruchive in- 
Speco dnd testing sack ay in medical diagnosis, indusirtal inspec- 
How, material analysis and other diverse flelas. in suck applications, 
radiation detectors May an iaportant role. There are various metiods 
for detecting radiation.!°“'" For example, typical detectars include 
proportional counters, semuconductar detectors that make use of pai 
and Avia nian respectively, nadiation-sensiive fiims, clowd cham- 
bers, and scomilianon counrers. 


in scimmiliation counting, the comnaion of a sciatiiiatoer and pha- 
romnniipier nabe is one of ie most commoniy wed detectors for prac- 
tical applications:'" Scintillation counting Aas mary advantages over 
other detection metiods, for example, a wide choice of scintillator 
materials, fast time response, fuga detection efficiency, and a large 
detection ared. This section gives definitions of photomulnnlier mbe 
Characterisncs required for scintilianon counting aad explains their 
FID Senen Melis and tyoical dai. 
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7.1 Scintillators and Photomultiplier Tubes 


When ionizing radiation enters a scintillator, it produces a fluorescent flash with a short decay time. This is 
knoen as scintillation. In the case of gamma rays, this scintillabon occurs as a result of excitation of the bound 
electrons by means of free electrons inside the scmblator. These fee electrons are generated by the following 
three mutual interactions: the photoelectric effect, Compton effect, and pair production. The probability of 
oocurrence of these interactions depends on the type of scimtillabors and the emergy level of the gamma rays_ 
Pigure 7: ] shoes the extent of these interactions when gammasray energy is aosorbed by a Nal(Tl) scintilla 
bar. 
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Figure 7-1: Gamma-ray absorption characteristics of Nal Tl) scintifiator 


From Figure 7° 1. if is clear that the phoboelectric effect predominates at low energy lewels of gamma rays, 
but pair production mereases at high energy levels. (M4 these three imberactions, the amount of scimblation 
produced by the photoelectric effect is proportional to gamma-ray energy because a] the energy of the gamma 
ray 1s pIven io the orbital electrons. The photomultiplier tobe outpats an electrical charge mm proportion io ihe 
amount of this scintillation, as a result, the outpat pulse height from the photomultiplier tube is essentially 
Proportional to ibe incident radiaion energy. Accordingly, a scintillation counter consishing of a scintillaiog 
and a photomultiplier tube provides accurate radiation energy distribution and its dose rate by measuring the 
Photomaultipler babe output pulse heght and count rabe. To carry out energy analysis, the current output from. 
the photomualipber tube 1s converted into a voltage output by an integrating preamplifier and fed to a PAA 
(pulse height analyzer) for analyzing the pulse height~’ A typical block diagram for scintillation counting is 
shown in Figure 7-2. 
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Figure 7-2: Block diagram tor scintillation counting and pulse height distribution 


Scint ators are divided into morganic scintillators and onganic scintillators. Most morgamic scintillators 
are made of a halogen compoand such as Nal(Tl), BGO, Bal; Csl(TT) and “m5. Of these, the Nal(T1) scintal 
lator is most commonly used. These inorganic scintillators offer advantages of excellent energy Conversion 
eficiency, high absorption efficiency and a good probability for the photoelectric effect compared to organic 
scintillators. Unfortonately, however, they are oot easy to handle because of deliquescence and vulnerability 
to shock and mmpact. Recently, as an alternative for Nal(T]) scinitillators, YAPoCe with high density and no 
deliquescence has been developed. Other scintillators such as LSOsCe amd GSO:Ce have also been devel 
oped for PET (Positron Emission Tomography) scanners. 

(Organic scintillators include plastic scintillators, Gquid scintllaiors and anthracene of onganic crystal. These 
scintillators display a shodt decay time and have oo deliquescence. Plastic scantillabors are easy to cut and 
shape, so they are available in vartous shapes including large sizes and special configurabons. They are also 
easy to handle. In the detection of gamma rays, organic scintillators have a low absorption opefficient and 
exhobat less probabolity for the phoioelectic effect, making them unsuitable for energy analysis applications. 
Table 7: shows typical charactenstics and applications of major scintillators which have been developed up 
to the present 
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A. scintillator is attached to a photomultiplier tube with coupling material as shown in Figure 7-3. The 
coupling material is used im place of an air layer in onder to monimice optical loss between the scintillator and 
the photocathode faceplabe. Silicone oil having an index of refraction close io that of the glass faceplate is 
most widely used as a coupling maternal. However, selecting the proper material which provides good trans 
mittance over the emission spectrum of the scimtillater is necessary. Figure J=4 indicates typical emission 
spectra of mayor scintillators and photocathode spectral responses of photomultiplier tubes. 


PEPLECTIVE COATING 
PHOTOGCATHOE 


PHOTOELECTAHONS 









SCINTILLATOR 


OPTICAL COUPLING 
PUSS SILICONE CHL) 





Se fs 


Figure 7-3: Gamma-ray detection using a Nal(Tl} scintillator and a photomultiplier tube 
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Figure 7-4: Photecathode quantum eticiency and emission spectra of major sciniillators 
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7.2 Characteristics 


(1) Energy resolution 


There ate fbwo measurement methods in scintillation counting. One is the spectrum method that use a 
pulse height analyser bo measute an energy spectrum. The other is the counting method (descobed later 
on) that does not use a pulse height amalycer. Im the spectrum method, pulse height discrimination is very 
Important bo determine phoboelectic peaks produced by varbous types of radiation. This ts evaluated as 
“energy resoluivon” or “pulse height resolubon (PHER I". 


Energy resolution 1s defined by the following equation using Figure 7:5. [tis pemerally expressed as a 
percene: 
AP 
Re - sreetermatenarentsemtssmatanantmttrnstematemestestsentemttmerentsrentemrsemereetrons (ag. Fe] 


A :energy resolution 
P = peek value 
AP > FWHM (Full width at half maximum) 


COUNT RATE 





PULSE HEIGHT (ENERGY) 
Figure 7-5: Definition of energy resolution 
Figure Toh shows typical pulse height distributions for characteristic X-rays of “Fe and varios kinds of 


gamma rays (Co, Cs, Co) detected by a photomultiplier tube coupled to am Nal(T1) scintillator (mea 
sured using the same method as in Figure 7-2). 
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Figure 7-6: Typical pula height distributions 


The folkewing factors affect the energy resolution. 


{1} 
(2) 
{a} 
(4) 
{3} 
(th) 


Energy conversion efficiency of the scintillator 

Intrinsic energy resolution of the scmbllabor 

Light collection efficiency of the photomultiplier tabe photocathode 
Quantum efficiency (1) of the photomultiplier tube photocathode 
Collection efficiency (2) at first dymode 

Fluctuations in the muligpber secton of pootomultiplier tube 
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Generally, energy resolution is given by 
Ree} - Ri’ (E}+ Rp’ (E} i ccs cl eles a bese ue eu a aeabsum atau (15g. Pol) 


where 
: $.56 , & 
Fae EE) ae a me) nc cemesecesensenerseesemetecesnmerteetemeseeesenesemetenss : 
(E) Nee (ea (eg. 7-3) 
in which NW is the average number of photons incident on the photocathode per unit disintegration, 1) 15. 


the quantum effiaency,@! ts the collection efficiency amd 3 ts the secondary emission yield at each dynode 
fassumed in be constant here}. 


In the above equations, Rs{E) is the energy resolubon of the scintillaior and RpiE) is that of the photo 
multiplier tabe, both of which depend on the energy (E) of the incident gamma ray. Rp(E) is inversely 


Proportional to E. 
When a 2-nch diameter by 2-inch Jemeth Nal(T]) scontillabor and a 2-imch dmmeter photomultiplier tube 
(Hamamatsu Rii231]) are used, R, Rs and Rp will be approxmmaiely as follows: 


With E=122 keV (Co), R= 85%, Rs26%, Rp= 7% 
With B= (62 keV (Cs), Rahi5 %, Resa 5 5%, Rpadd& 


To obtain higher energy resolution, the pootomaltipler tabes most have high quantum efficiency and 
collection efictency. Along with using a scintillator with high conversion efficiency and good inherent 
energy resolution, good optical coupling between the scintillator and the photomultiplier tube should be 
mrovided to reduce optical loss. Por this purpose, as mentioned previous) it is belpful bo couple the scin: 
fillaior amd the photomultiplier tube wsing silicone of] having an index of refraction close to that of the 
faceplate of the pootemultiplier tube. 

When the scintillator is sufficient! y thick, the intensity distribabon of light entering the photomultiplier 
tube is always constant over the photocathode regardless of the radiation input posibon, so the photomul 
tipGer tobe uniformity has Intile effect on the energy resolution. However, if the scintillator is thin, the 
disirvbution of Light flash from the scintillator vanes with the radiation input position. This may affect the 
enetgy resolubon depending on the phobomulipoer tube uniformity. To avoid thas prodlem, a light-gudde 1s. 
mmetimes Placed between the scintillator and the photomultiplier tobe so that the light flash from the 
scinillaiog is diffused and allowed to enter uniformly over the photocathode. But this technique is not 
necessary when using a phodomultiplier tube with momma! unihormity. 
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Table 7-2: Energy resolution tor typical garmema-rays, obtained with Nal[(Tl} or BGO scintillator 
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Energy resolution 1s one of the most important characteristics in radiation measurement such as gamma 
cameras and spectrometers. Pootomultiplier tubes osed in these applications ae usually tested for energy 
Trestlution. Table 7:2 summarizes energy resolution for typical gamma rays measured with a Nal( Th 
Photoowaltiplier babe or a BGO photomuloplier tube combination device. As shoen in the table, each data 
has a certain width in energy resolution This is due te the non-uniformity of the physical sive of the 
scmb labor or photomultiplier tube and also the perfoomance varialions between individual phodomulo 
Plwer tubes. If necessary, 1t is possible io select only those photomulimer tubes that meet specoic speci 
cabions. 


(2) Relative pulse height 


In scintillation counting, when a phobtomuloplier tube i operated at a constant supply voltage and the 
amplification factor of the measuring circuit ts fixed, the variation of the pulse height at a photoelectric 
peak ts referred bo as the relative pulse height (RPH) and is commonly stated in terms of the channel 
number. This relative pulse beight indicates ihe vanation of the pulse height obtamed with a phobomuli 
Plier tube in scintillation counting. It usually shows a good correlation with measurement data taken by 
users (imstrament manufacturers) and is therefore used to select the gain range of photomultiplier twhes. 
When used with a Nal(T]) scmiillator, the relative pulse height provides a close correlation with blue 
seniwity because the emission spectrom of the Nal(T1) resembles the spectral transmittance of the Com 
ing filter (CS vo0.5-58 which 1s used for the blue sensitvity measurement, so the relative pulse height has a 
strong oorrelabon with the anode bloc sensitrvity index. (Refer to 4.15 in Chapter 4.) 


(3) Linearity 


Linearity of the outpat pulse height of a photomultiplier tube with respect to the amount of scintillation 
Flash is another important parameter to discuss. Since lineartty of general-purpose photomultiplier tubes 
has already been described earler, this section explains how to measure linearity related to scintillabon 
counting. Figure 7:7 shows a typocal pulse heeght distribaton for the ““Ra taken with a Nalf(TT) and Figure 
7.8 indicates the relationship between each peak channel and the gamma-ray energy. Because “Ra re- 
leases various kinds of radiation ranging in energy from 10.8 keV to 2.2 MeV, tt ts used for limearity 
Measurements over 2 wide energy range. 


1 


AAOUTION SOURCE : rR 
SOANTILLATOR - MaleTT}, 3° deca" & 
PMT - Ais? 


1 


GOUNT RATE (RELATIVE VALLE) 





ioe 
CO 1 atM 400 300 800 70 BOO SOO 1K 1100 1200 
ENEAGY (AELATIVE VALUE) 


Tete Ga 


Figure 7-7: Pulse helght distribution tor "Aa taken with Nal{TT) 
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Figure 7-8: Relation between peak channel and gamma-ray anergy 


Aumoaunt of emission from a NalfT]) scintillator equals about 30 photons per | keV of panuma-ray en 
ergy. Accordingly, some 20,000 photons (662 ke¥ ¢ 10) are generated with "Cs and some 40,000 pho 
toms (1330 keV X30) are generated with “Co. When Co is used for linearity measurements under the 
condos that the photoawaltiplier tube pain ts at 1 and the decay constant (T 5) of the Nal(T1) scintillator 
1s 220) nanoseconds, the photomultiplier tube output current (ip) is grven by 


Axxo | 
pclae ieee ial deea el btadieainsiaapaaniaa tien. ae 
TS (a , 


4010's 25x0.9e 101 6x10" 
23010" 


lp = 


= 6Sx10°(A) 


Mi > amount of light flasn per event produced fram scintillabor 

n > quantum efficiency of pnotocaihode (assumed to be 25 3) 

co > COlecton efficiency of photomulipier tube (assumed to ba 0%) 
wu > gain of pnotomutipliar tube 

e * electron charge 
ts : decay time of Nal(Ti) 


Thus in this measurement the photomultiplier tube most have a pulse linearity over 6.3 milliamperes. 
particular, care should be taken with respect to the linearity range when measuring radiation at higher 
enengy levels as the photomulopler tabe detects a large amount of light flash. 
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(4) Uniformity 


The uniformity of a photomultiplier tube affects the performance of systems otlicing scintillation count 
ing, especially in such equipment as Anger cameras used to detect the Incident position of radiation. Umi 
Formity of a phoiomultiplier twhe is commonly defined as the variation m the output current with respect to 
the photocathode position on which a light spot is scanmed_ 


However, another evaluation method ike that dlustrated in Figure 7-9 provides more useful data which 
allows users to predict the direct effects of uniformity on ihe equipment. 
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Figure 7-9: Measurement method tor azimuth uniformity 


In Figure 7-9, the photomuliaplier tube ts sed af a distance (d) from a light source. The output variations 
of the photomultiplier tobe are measured while the ght source 1s rotated around the tube (oy changing 
angle G). The same procedure ts repeated at different values of d. Then plotting the posttoons (d, 4) of the 
light source providing equal output gives a graph similar io a comtour map (Pigure 7-10). Uniformity data 
evaluabed by this method ts called the azimuth uniformity. 
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Figure 7-10: Examples of azimuth unitommity daija 
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(5) Stability 


There are bvo bypes of stability tests used im scintillation counting: bong term stability and short term 
stability. Both stability tests employ a's radiation source and a Nall(T1) scintillator. The variation in the 
Dhotopeak obtained from a photomultiplier tube is measured wrth a pulse height analyzer (PEA). These 
siability tests doffer slightly from those applied to the general-purpose photomulipuer babes which were 
discussed in the previous section. 


8) Long term stability 

The long term stability is also referred to as the photopeak drift. Im this stability test, the photomul 
fipler tube is alowed fo warm up for one hour with the photopeak count rate maintained at | ks”. 
Afier this, the variabon rate of the phobopeak pulse height (channel number) is measured for a period 
of 1é bowars_ 

The same measurement setup shown in Figure 7:2 is ased and the variation occurring in the peak 
channel is recorded as the Ome elapses_ This vamation (Dyno) 1s calculated by Eg. 7-5 and typical 
wnabon data is shown in Figure 7:1) below. 


where 

P : mean value of photomeak pulse meight (channel) 
Pi: peak pulse height at tee i-tn reading 

n: total number of readings for 16 hours 





+4 
Dts = 1.0% 






2 





TIME ques) 


VARIATION Ih PULSE HEIGHT 
AT PHOTOBLECTRES PEAK [| 
e 


Tf a 


Figure 7-14: Typical long-tenm stability of photomultiplier tube 
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There are 2 few photomultiplier tube types that exhibit somewhat of a tendency to Increase varia: 
Hon in photopeak pulse height during the period of 16 hours. However, most photomultiplier tubes 
tend to show decreasing values, with a variation rate within plus of minus several percent This ten- 
dency is analogous to the drift characteristic explained earlier, but this test method is more practmal 
For scintillation applications. Numerically, as shown in Eq. 7:5, the long term stability is defined as 
the mean deviation of ihe peak pulse height (or mean gain deviation) with respect io the mean pulse 
height It usually bas a value of | or 2 percent A major cause of this ouiput vanation 1s. that the 
secondary electron mulbplication factor of the dynodes (parbcularly at the latter stages) changes over 
ome. 


b) Short term stability 
The short term stabality 1s also referred to as the count rate stability or count rabe dependence. To 
evaluate this stabitty, the variation in the photopeak pulse height is measared by changing the photopeak 
count mate from 10 ks” to I ks”). If the photopeak pulse beight at a count mate of 10 ks” is given by A 
and that at 1 ks’ by B, the variation (Ders) is given by the following equation. This value is expected 
to be about +] percent. 


Derg = (1- 2 PE TOD [Sa) wm eeneeenesenetemttemereeeteettemtttmereesseetseertemereees (Eig. Foti} 


[t ts thought that this owtpui instability is caused mainly by a change of the electron trayectories 
oocurring in the electron muliipber section of a photonmltiplier tobe. This msiabality is also caused by 
a change in the woltage applied to the latter-stage dynodes, which may occur when operated at a high 
count rate and the output current imcreases to near the voliage-divider current (Refer to 523 in 
(Chapter 3.) In this case, photomuloplier tubes whose gain is Jess dependent on voltage (the slope of 
fan-voliage curve 1s oot sharp) are less affected by the dymode voltage change. Sort term stability is 
also closely related to the hysteresis effect im photonultipler tubes. (Refer to 4.3.5 in Chapter 4.) 


(6) Noise 


In scintillation counting, 2 sigmal pulse is usually produced by muliple photoelectrons simultaneously 
emitted from the photocathode, which create 2 higher pulse height than most dark current pues do. Using 
a discriminaiog effectively eliminates most dark current pulses with lower amplitades. Accordingly, only 
noise pulses with higher amplitedes will be a problem in scimtillaijon counting. To remove ihis type of 
moise pulse, the coincident counting technique is commonly used_ 


Noise pulses with higher amplitedes may be caused by mdiation released from natural radioactive ele- 
ments contained in a reinforced concrete building or in the atmosphere. These noise pulses may be a 
sipmifacant problem, particularly in low-level-radiation measurements. Concrete used to construct a build- 
ing usually comtains Rn, Th and “Pe, and steel contains U, Th and “Co. Radioactive floating dust amd Rn 
or Th gases may be present in the atmosphere, and a scintillator may also contain minute amounts of ™'K 
and “"“T]. Furthermore, borosilicate glass used to fabricate the faceplate of photomultiplier tubes contains 
potassiam of which “KE comprises 0.1108 percent. The ““K releases gamma rays of 1.46 MeV which can 
also be a cause of hogh-amplitude nome pulses. 


Figure 7:12 shows background noise data measured with a Hamamatsu RATT photomuloplier tube (4 
inch diameter, borosilicate glass, bialkali photocathode) coupled to a Nal(T]) scintillator (5-inch diameter 
& 2anch length). (1) m Figure 7:12 is measured without taking any countermeasures, while (2) 15 mea 
sured by shielding the tube with teo lead blocks of 100 and 30) millimeter thickness, each being placed 
Tespecovely in the lower section and upper sechon. (3) 15 data taken with an RE? )1 that employs a so 
called K-free glass comming a very minube amount of potassium for its faceplate and side bolb envelope. 


Since these measuremenis were made using the setup in which the peak of Cs (662 keV) becomes 
200 channels, the energy range measuted covers from about several keV to 2/2 Me. In this energy range, 
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the background noise, which is as high as 470s during normal measurement, can be drastically reduced 
to 24s (about 1/20) by shielding the tube with lead blocks. This means that most background noise 


originate from environmental radiation. In addition, use of the RETO) with E-free glass (refer io 4.12 
Chapter 4) further reduces the total noise counts down to about ls. Particularly, in the energy range 


from 12 to 1.6 MeV where noise count mainly results from the ~ K (1.46 MeV), the noise count af 3.35 
‘ measured with the RS7T (normal borosilicate glass) is reduced to 0.9 s (below 1/3) wrth the RST7-O1 
(Kefree plass. 


Recently im high energy physics experiments, there i a demand for photomulimper babes using materi 
als that contain extremely Jow levels of radioactive pmpurites. Such expenment are often performed deep 
underground where natural radioactwe impurites are eliminated and therefore impose heavy demands on 
the pootomultiplier tubes to be used there. Glass materials used for these photomultiplier tubes must be 
investigated to make sure the content of radioactive impurities, not only “"K but also uranium and thorium 
meTies, 15 suficienily bow. 


The extemal! parts of a pootomultiplier tube and the scintillator are usually maintained af ground poten 


Hal. Therefore, a cathode ground scheme with the high voltage applied io the anode 1s offen used in scintl 
lation counting. (Refer to 5.1/2 in (Chapter 5.) 
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Figure 7-12: Backgr i noise of §-inch photomultiplier tube + Nal[(Ti} 
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(7) Plateau characteristic 

As stated, there are two measurement methods in scimbllation counting. One method called the spec 
bum method that uses a pulse height analyzer has already been explained. This section will describe the 
other method called the counting method that does nod use a polse height analycer. In the counting method, 
Plateau characteristics are very emportant. Plateau characteristics are measured by setting a discrimination 
Level counting all pulses with amplitudes greater than that level. This operation is dome while changing 
the supply voltage for the photomultiplier tube. Figure 7:19 (a) shows a block diagram for plaieau charac 
benistic measurement Figures 7:13 (6) and (c) shoe typocal plateau characteristics and pulse height dam 
bation when a Nal(T1) scintillator and “Fe radiation source are used. 
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Figure 7-13 (af: Block diagram tor plateay characteristic measurement 
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Figure 7-13 (b): Example of plateau characteristics 
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Figure 7-13 (¢}: Pulse height (“Fe and Mal(Tl) combination) 


The photomultiplier tube supply voltage is Increased while the Giscnminaton level is kepi constant, the 
output pulses are counbed in order from the phoiopeak region to the valley and the dark current regions. 
Plotting the count rate versus the photomultipber tube supply voltage gives a corve like that shown m 
Figure 7:13 (6). This data can be divided into three regions (A, B and C). Region B is referred to as the 
Plateau, and the supply voltage should be set within this region. The count rate will not vary even if the 
supply voltage is changed within this region, showing a comsiant photopeak count rate. The wider the 
Plaieau region, the bess the count rate wall be affected by fluctuations in the dark current. The: plateau 
region comesponds to the valley of a pulse height distibaton, that is, region A’ in Figure 7:12 (c). Poote 
muliplier tubes with better energy resolution and bower dark current pulses prowide a wider region B’. 


As an application example, plateau characteristics are widely employed to evaluate photomultiplier 
bubes designed for use in oa) well logging (refer to 14.5 im Chapter 14). In thos appocabon, geological strata 
type and density are measured by detecting and analyzing the number of scattered radiations of natural 
radiations from strata. Photomoulimber tubes used for ol well logging (sometimes called “high-tempera 
ture photomultiplier tubes") are usually tested in combination with a "Cs radiation source amd a Nal(T1) 
scintillator. Typocal plateau characteristics obtained by this test are shown im Figure 7-14. 
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Figure 7-14: Tyolcal plateau characteristics of 6 high-temperature tube 


In the measurement shown in Pigure 7:14, a photomultpber tube designed for high temperature opera 
tion is sed. The plateau characteristic taken at 175°C is shown along with that obtained at 75°C. Because 
the gain of the photomulipber tube decreases as the temperature increases, the supply voltage at which the 
gipnal appears (corresponding to region A im Figure 7-13 (b)) shifts to the higher voltage side. The dark 
cumrent on the other hand increases with temperature, so its count rate sharply increases (oorresponding to 
region (in Figure 7-13 (b)) at a low supply voltage. Consequently, the plateau width (supply voltage 
range) measured af a higher temperatere (175°C) becomes narrower than that obtained at room tempera 
tures (25°C). 
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CHAPTER 8& 


PHOTOMULTIPLIER TUBE 
MODULES 





This chapter describes Wie structure, wage, and characteristics of 
photomultiplier tbe (PMT) modules. These PMT modules consist of a 
photomultiplier tube, a vallage-divider circuit and a high-voltage power 
supply circa carenally assembied info Me same package. 
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8.1 What Are Photomultiplier Tube Modules? 


Photomultipber tobe (PIT) modules are basically comprised of a photomultiplier tube, a high-voltage 
Power supply circuit, and a voltagesdivider circuit to distribute a voltage to each dymode. In addition to this 
basic configuration, wares fonctions such as 2 signal comversion circuit, phobon counting circuit, interface bo 
the PC and cooling device are integraied into a single package. PMT modules eliminate troublesome wiring 
for high voltages and allow easy handling since they operate from a low extemal voltage. Figure &:1] shoves the 
functions of PRIT modules. 
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Figure 61: PMT module functions 


§.2 Characteristics of Power Supply Circuits 


(1) Power supply circuits 


There are two major types of power supply circudts used in PMT modules. One is a Cockcroft: Walion 
(CW) circuit and the other 1s a combinabeo of a Cockcoofit: Walton cincuit and active divider circuit 


The Cockcroft: Walton circuit is a voltage multiplier circuit using only capacitors and diodes. is shoan 
in Figure &-2, capactiors are arranged along each side of the alternate connection points of the serially 
conmected diodes. The reference voltage supplied to this circuit are doubled, tripled ... and the boosted 
woltage is applied to each dynode. This circutt features low power consumption amd Linearity for both 
DeC and pulsed currents and is designed to be compact 


a2 Characerisiies of Power Supply Circgits U3 
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Figure 6-2: Cockeroft-Walton power supply circuit 


Figure #3 shows a power supply circuit using a Cockcroft Walbon circuit combined with an active 
drader circuit. The Cockcroft: Walbon circuit generates a voltage that is applied to the entire photomulb: 
Plier tebe and the actve divider circuit applies a voltage to each dynode. In this active divider circuit, 
several yvoltagesdivider resistors mear the last dynode stages are replaced with transistors. This eliminates 
the effect of the photomultiplier tube signal current on the interdynode voltage, achieving pood limearity up 
bo @0 S to 7 % of the divider circuit current This circuit also features lower nipple and shorier settling 
Hime compared bo power supply cincuits using only a Cockcroft: Walton circuit. 
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Figure 6-3: Power supply clrcult using Cockerof-Walton circull combined with active divider circult 


15h CHAPTERS PHOTOMULTIPLIER TURE MODULES 


(2) Ripple nolse 

Since high-voltage power supplies in PMT modules use an oscillating circuit, the unwanted oscillation 
noise is usually coupled into the sigmal output by induction. This induction noise is called “ripple’. This 
nipple can be observed on an oscilloscope by comnmecting the signal cable of a PMT module to the input of 
the cecillascope while no light is Incident on the PMT module. For example, under the conditions that the 
load resistance is ] MH2. load capactiance 1s 22 pF and the coaxial cable length is 45 cm, you will see a 
signal output along the baseline in a low voltage range. This signal output has am amplitude from a few 
hundred w'¥ to about 3m 'V and a frequency bandwidth of about 300 kHz. Pigute $4 shows an example of 
this nipple noose. 


Hamamatsu PMT modules ane designed to minimize this nipple noise. However, itis mot possible to 
completely eliminate this noise. Use the folkeeing methods to farther reduce mpple noise. 


1. Place a low-pass filter downstream from the PMIT module signal ootput. 
2. Raise the control voltage to increase the photomultiplier tobe gain and lower the amplifier gain. 
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(3) Settling time 


The hogh voltage applied to the photomultiplier tube changes as the input voltage for the PMT module 
control voltage 1s changed. However, this response has a slight delay versus changes in the contro! volage. 
The Ome requited for the high voltage to reach the target voltage 1s called the “settling hme’. This setiling 
Hime is oswally defined as the time required to reach the target high voltage when the control voltage is 
Changed from +1.0'¥ to +0.5 V. Figure 8-5 shows a change in the high woltage appled to the cathode. 
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Figure 6-5: Changes in cathode voltage when control voltage is changed trom +1.0 V to +0.5 ¥ 


8.3 Current Output Type and Voltage Output Type 


(1) Gonnection method 


since PMT modules have an internal high-voltage power supply and voltage divider circuit im their 
packages, there is oo need to apply a high voltage from an external power supply. All that is needed is. 
simple wiring and low voltage input as shown in the connection diagram. When using a typical PMT 
module, supply approximately 15 VW to the bow voltage input, ground the GND terminal, and connect the 
control voltage and reference voltage input acoording io the gain adjustment method_ 


When the low voltage input is within the range specified in our catalog, the high voltage applied to the 
phodomwaltipler tube from the power supply circuit in the PIT module is kept stable. This holds true even 
If the output of the low-voltage power supply fluctuates somewhat. However, if high moise pulses are 
generdied from the jowevoltage power supply, they may cause erroneous operabon of a breakdown im the 
PMT module. 


(2) Gain adjustment 


The photomultiplier tube goin can be adjusted by changing the control voltage. There are fvo methods 
for adjusting the control voltage. 

When directly inputting the control voltage as shown in Figure §-6, the control voltage input mange must 
aways be below the maximum rating. The ouwtput terminal of the reference voltage must be left uncon 
nected. Be carefol not to connect it to ground. 
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Figure 8-6: Sensitivity adjustment by changing voltage 


Figure &:7 shows a gain adjustment method using @ trimumer potentiometer which 1s connected between 
the contre! voltage and reference voltage outputs. When adjusting the trimmer potentiometer, do so care 





Fully and correctly while monitocing the control voltage with a voltmeter of tester. 
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Figure o-?! seneitiiviry adjustment using trimmer pot antl ' 


(3) Current output type module 


In current output type PROT modules, the anode current of the photonwaltiplier tobe 1s directly available 
as the output from ihe module. This current output from the photomoliiplier tube must be converted to a 
woltage Oy am exbermal signal processing cincutt. An optimal currentto-voliage conversion method must be 
selecbed according to the application and measurement purpose. 


(4) Voltage output type module 


In voltage output type PMT modules, an op-amp is connected near the photomultiplier tube anode to 
convert the current to a voltage. This is move resistant io external noise than when extracting the current 
output of a pootomulbplier tube by using a signal cable. Using an internal amplifier & especially effective 
in measurement frequencies ranging from several tens of kilobert= to a few megahertz where external 
moise effects first become noticeable. However, amplifier power comsumpion tends to Increase in fre 
quency bands higher than 10 MHz. Using an external amplifier connected bo a current output type PIT 
module might be belter in this case. 





Voltage outpat type PRIT modules incorporate an op-amp for current-bo-voltage conversion. The amp's 
Feedback resistor and capaciiog also fonctvon as a charge amplifier, making it possible ip perform pulse 
Measurement such as scintillation counting. 
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8.4 Photon Counting Head 


Photon counting heads contain a low level discriminator and pulse shaper along with a photomultiplier 
tube and a high-voltage power supply. Pigure $8 shows the block diagram of a typical photon counting head. 
The correni pulses from the pootemaliiplier tube are amplified by the amplifer, and then only those pulses 
higher than a certain threshodd are discruminated by the comparator amd converted to woltage pulses by the 
Pulse shaper for output. In photon counting heads, the hagh voltage to be applied to the photomultiplier tube is 
Preadjusted based on the plabeau woltage measured prior to shipment Supplying a low woltage from an exter: 
nal power supply is all that is meeded for photon counting. 
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Figure 8-8: Block diagram of photen counting head 


(1) Output characteristics 


Each type of photon counting head is slightly different so that the internal circuit comstants match the 
time characteristics and pulse waveforms of the photomultiplier tube being used. Because of this, output 
characteristics such as the pulse voltage and pulse width differ depending on individual photon counting 
heads, though their output is a positive legic sigmal. 


The output impedance of photon counting heads is designed to be approximately 50 ohms in order bo 
handle high-speed signals. When commecting a pooton counting head to a measurement device with a 
cable, a “ohm impedance cable is preferable and the input impedance of the measurement device should 
be set to 30 ohms. Lf the mput impedance of the extemal circuit is not around 3) ome and an pnpedance 
Mismatch oocurs, the pulses reflected from the input end of the external circuit retam to the photon count 
Ing head and then reflect beck from there. This might result in erroneous counts. When the input imped: 
amoe of the external circudt is 50 olums, the amplitude of the signal voltage wall be one-half that af the input 
end. So tt is necessary io select an extemal circuit that matches the minimam mput voltage specifoatians. 


(2) Counting sensitivity 


Counting sensitivity indicates a count value obtained from a photon counting head when an absolute 
amount of light (pW) at a certain wavelengih enters the photon counting head. Counting sensitivity is 
directly related to quantum efficiency and collection efficiency. 
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(3) Count linearity 


When individual photons enter af constant intervals within the time resoluteon of a photon counting 
head, it 1s theoretically possible ip measure the photons up to the reciprocal of polse-par resolution. Pho 
ton counting is usually used in bee: light-level measurements of chemiluminescence and binluminescence, 
gO the ght input is a random event. In this case, when the ght level is imcreased amd exceeds a certaim 
lewel, the count value becomes saturated amd is no longer proportional io the light level. Count lmearity is 
a measure for indicating ihe loss im the counted value compared to the theoretical value. Thos 1s defined as 
the count value at 10% boss. The pulse:pair resoluteon of the internal circuit determines the count linearity 
Characteristics of the photon counting head. At a higher count rate, however, teme characteristics of the 
photomultiplier tube also become an important factor. 


Figure 3:9 shows typical count limearty charactenstecs of a photon counting head wiih a pulse pair 
resolution of 18 ms. The count value at 10% loss is i010" 5. 
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Figure 4-9: Count linearity characteristics 


(4) Improving the count linearity 


When the count measured during photon counting exceeds 10's”, ihe pulses begin bo overlap causing 
counting emors. To increase the count lmearity: 


1. Increase the pulse-paor resolution of the circuat. 
2. Use a prescaler to divide the frequency. 
3. Approximate the output by using a correction formula 


Figure §:10 shows the improvement in count linearity when the output is approximated by a correction 
Foomala. 
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Figure 6-10: Count linearity before and afer correction 


(5) Temperature characteristics 
Since the photon counting method uses a dechmigque that measures pulses higher than a certain threshold 
value, It 1s less affected by pain variations in the photomuloplier tube caused by output imstabality of the 
power supoly and changes in ambient temperature. Changes in the count value versus bemperature varia 
fons ane plotted im Figure 8-11. The rate of these changes 1s about one-half the anode output temperature 
coefficient of photomultiplier tubes. 
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Figure 6-11: Temperature coefficient comparison 
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(6) Photen counting ASIC (Application Specific Integrated Circult) 


A photon counting circuit 1s fabricated using many components such as ICs and resistors. The capaci: 
tance and inductance of those components and wiring Impose limits on the frequency band and power 
consumption of the cimcuit The circuit board of course requires a space for mounting component. The 
Photon counting ASIC is an integrated circuit consisting of 16 amplifiers, 16 discriminators and 16 pulse 
shaping circuits, which are the basic elements for photon counting circuits. This ASBC simultaneously 
performs parallel processing of input signals from a maximum of 16 photomulopleer tabes of from a lf 
channel mulhanode photomultiplier tube, and outputs a LY OSC voltage pulse according to each input. The 
block diagram of a photon counting ASIC 1s shown below im Figure §- 12. Integrating the circuat grves the 
ASIC a counting efficiency of 1.0%10° 5°! or more per channel, low power consumption and 2 compact 
gize. This ASIC is also designed to alow LLD and ULD adjustments by §$-bat DAC from external contro, 
mo that ihe pain difference beteeen photomultiplier tubes and the gain fluctuation between the anodes of a 
mulnanode photomultiplier tube can be comected. Furthermore, sccurabe measurement can be performed 
mot only by single photon counting but also im multi photon events, by matching the photomuliplier tube 
gain wath the input change range of the ASIC. In this case, one voliage pulse of positive logic is output im 
response only bo a pulse signal that enters within the LLD to ULD input range or a palse signal higher than 
the LLD threshold level. This allows measurement for wking bmings. However, the outpat does mot con. 
tain pulse height information. 





Figure & 12: Block diagram of photen counting ASH 
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8.5 Gate Function 


When excitation light swch as from a laser of xenon flash lamp enters a photomultiplier twhe, the signal 
Processing circuit may beoome saturated causing adverse effects on the measurement. There is a method te 
béock such excessive light by using a mechanical shutter bot this method hes problems such a limited me 
chanical shutter speed and service life. Om the other hand, electronic gating, which ts controlled by changing 
the electrical potential on a dynode m the photomultiplier tube, offers much higher speeds and higher extinc 
Hon ratio. The W76@0 is a gated PMT module using a linear focused type photomuloplier tube that features 
fast ime response. The HT680 delivers a high extinction rate and high-speed gating since it controls the bias 
voltage applied bo multiple dynodes. 





There are two modes of gating: a normally otf mode that toms on the pate of the photonultipler tube when. 
a gate sipmal is Input and a normally-on mode that torns off the pate when a pate signal is input. Select the 
desired mode according to the application. 


(1) noise 


Performing high-speed gate operation requires high-speed gate polses. When a gate pulse is input, 
Induction noise 1s mduced in the anode signal through the electrostatic capacitance present between the 
electrodes of the photomultiplier tube as shoen in FPigute &: 15. This is referred to as “pate nome". This gate 
noise can be pedeced by reducing the gate palse vollage of by using a noise-canceling technique. However, 
completely eliminating this noose 1s difficult. So imcreasing the photomultmpler tube gain of wsing a photo-= 
muloplier tube with a higher gain is required so that the signal output becomes larger than the gate noise. 
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Figure 6-10: Gate nolee 
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(2) Extinction ratho 


Gating allows suppressing the anode current of the photomultiplier tube even if the anode current ex> 
Ceeds the maximum rating or a strong light causing the external circuit to be saturated is input to the 
Photomultplier tube. The extinchion ratte is the ratio of the output when the gate is “on” to the output when 
the gate as “off” while a comstant light level is incident on the photomultipber tobe. For exampie, if the 
output at "pateonff is 1 oA In oemmally-of mode, and the output at "pateson" is 10 pol, then the extinction 
ratio is expressed in | nA: 10 pA= 1: 10. 


Even if the current is being controlled by pate operation. a small amount of current equa! to the percent: 
age of the extinction ratio flows as the amode current. The anode current must be kept below the maximum 
rating of the pootomvultiplier tube even during gate operabon. If high emergy light swch as a laser beam 





eniers the photomultiplier tube, the photocathode structure ttself might be damaged even if pate operabon 
Is performed. So some measures must be taken to prevent strong light from entering the photomultiplier 


tube. 
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8.6 Built-in CPU and IF Type 


This type of PMT module has an internal CPU and interface for commection to an external unit. In this 
modus, the output current of the photomultiplier tube is converted to a voltage signal by a current-to-voltage 
conversion amplifter. The voltage signal is then converted to digital data, of in photon counting, the output 
Pulses are counted within a certain ime. Digital data can be easily transferred io an external processing unit, 
while the PIT module is controlled by commands from the external unit. Since the signal processime circuit, 
control CRU and interface for data transfer are housed in 2 single package, there 1s no need to design a digital 
circuit or take noise abatement measures uswally required when handling high voltage amd high-speed signals. 


(1) Photen counting type 


This PMT module has an internal photon counting circuit followed by a 20-bit counter that counts 
voltage pulses. The 20-bit counter allows a maximum count of 1,068,575 within the gate ome that was set. 
If the gabe time is set omg while the ght Jevel is relatively high, then the counter limits the measurement 
count te | 08 S75 or less. Im this case, shorten the gate time and acquire the data several tomes. After 
Medsurements, software averaging of data acquired several times allows you to obtain the same result as 
obtained using a long gate time. Figure 8:14 shows the corcuit block diagram of a photon counting type 
modal. 
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Figure 614: Block diagram of photen counting type module 
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(2) Charge amplifier and AD converter type 


Figure #15 shows the block diagram of a PMT module with an intemal charge amplifer and AD 
comverter. The anode of ihe photomultiplier tube is commected to the charge amplifier that socumvulates 
charges obtained from the anode during a sampling ime. The accumulated charge quantity is then con. 
verted to digital data by the AD converter. 
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Figure 6-15: Block diagram of charge amplifier and AD converter type module 
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CHAPTER 9 


POSITION SENSITIVE 
PHOTOMULTIPLIER TUBES 





The current multiplication mechanism offered by dynades makes 
photomaltipiier tubes ideal for low-lighi-level measwrement, Ags ex- 
Piained earlier, there are various types af dyiode structures available 
Jor diferent photomenic purposes. Popular conventional dyaade siric- 
fares are the box-and-erid type, linear-focused tye, clrchiar-cage Woe 
and venenan-blind types. Furthermore, tle MCP (aicroachanane! plate | 
has recently been wilized as ad dvaode structure. 


Two unique dynode structures Miroduced in tis chapter: the 
“metal channel dyvaade” and “erid tyne dynode”. There dynoade strwc- 
fares provide wide dynamic range, Alek pan, Align DOsTOn Meson, 
and ave currently wed in positian-sensitive photomultiplier tabes. 


Conon methods for reading our the outpal signal from 2 posian- 
sensitive photomultiplier tube are Wfwstrated in Figure 9-J. ina 
muiltiiode device, he outpur signal is read wing indenendent mutl- 
file qiodes. The cross-plate (wire) anode signal is read our fy means 
of current or charge-dividing center-of-pravitv detechan. 
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Figure 9-1: Anode output readout methods for position sengitive photomultiplier tubes 


The following sections describe “metal channel dynode structures 
combined with mudtianade readour, “metal channel dynode siructares 
combined with a cross-plate anode” and “prid type dynode structures 
combined with a cross-wire anede” for position sensifive photomulin- 
plier tubes. 
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9.1 Multianode Photomultiplier Tubes 


9.1.1 Metal channel dynode type multianode photomultiplier tubes 


(1) Structure 


Pigume 9-2 shows the electrode stracture for metal channel dymodes and the associated electron trajecto 
mes. Compared to the other types of dymodes, metal channel dynode type mulHanode photomultiplier tubes. 
feature very Jow crosstalk during secondary electron multiplication. This is because the phoboelectrons 
emitted from the photocathode are directed onto the first dymode by the focusing mesh and then flow to the 
second dynode, third dynode,.. . last dynode and finally to the anode, while being moltiplied with a 
Minimum spatial spread im the secondary electron flow. 

The overall tube length can be kept short because the metal channel dynodes are very thin and as 
membled in close-proximity to each other. 
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Figure $2: Electrode structure and electron trajectories 


Multanode photomultiplier tubes using metal channel dynodes can be roughly classified Into two groups. 
One group uses a matrix type multianode and the other group uses a linear bype multanode. 
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(2) Characteristics 


In this secbon, we first describe basic characteristics of matrix type multiamode photomuloplier tubes 
by discussing “crosstalk”, “magnetic immunity” and “uniformity” in 64 channel matrix bype muldanodes. 


“Crosstalk” is a measure to indjcate bow accurately the light (signal) incident on a certain position of the 
photocathode is detected while sill retaining the position nformatvon. In photomultiplier tube operation, 
crosstalk is mainly caused by the broadening of the electron few when light is comeerted into electrons and 
those electrons are multiplied by ihe dynode section. The incident light spread within the faceplate is 
amother probable cause of crosstalk. 


A. typical setup for measuring crosstalk 1s shoan in Figure Sed and an example of measurement data in 
Figure 9:5. 
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Figure 94: Crosstalk measurement method 
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Figure 9-5: Crosstalk measurement example 

Data sheen in Figure 9-5 is measured by irradiating a light spot (signal) on the photomultiplier tube 
faceplate, through a ] mm diameter optical fiber placed in close contact with the faceplate. The output of 
each anode is expressed as a relative value, woth 100) % bemg equal io the peak anode produced 
from the incident light spot. Results show that crosstalk is 0.2 % to 1.4 % when the | mm diameter 
scintillating fiber is positioned im tight contact with the photomultiplier tube faceplate (d=0 mm). How 
ever, the crosstalk becomes 0.3 & bo 2.6 % worse when the scintillatmg fiber & moved 0.5 millimeters 
away from the faceplate. This is of course due to lpght spread at the scintillating fber exit. Bringing the 
optical fther into Heht contact with the photomultepler tabe faceplate is therefore recommended in order bo 
Make accurite measurements using scintillating fibers. 

react, let's discuss magnetic characteristics. hlatrix type multianode photomultiplier tubes have excel 
bent nmumunity to magmetic fields. This is because all parts excep? the photocathode are housed in a metal 
package and also because the distance betoeen dynode electrodes 1s very short. Magnetic characteristics 
of a &S-channel multianode photomultiplier tube are explained below. 

Figure $66 shows bow the anode output is adversely affected by external magnetic fields applied along 
the three ames (X.Y, 2). Each data is plotied as a relative output value, with 10) % corresponding to an 
output with no magnetic field apolied. Chatput is still maintamed as high as &f) % versus 13 mT of the 
magnetic field in the X direction. 
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Figure &-6: Effects of extemal magneth flelds on anode output (anode channel No. 29) 
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Figure 9:7 shows typical uniformity data obtained from each anode when onmiform light is Wlominated 
over the entire photocathode of a 44-channel multanode photomultiplier tube. The non-aniformity ob 
served here probably originates from gain variations in the secomdary electron multiplier because the pho. 
bocathode itself has good uniformity. Currently, non-uniformity between each anode is about "1:2" on 
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Figure 9-7: f-channel multe 





Uniformity of one pixel (one anode) 1s shown in Figure 9:3. This data 1s measured by input of weak DC 
light of 50 jam diameter io an anode of 2 square millimeters per pixel, while scanning the light every 0] 
millimeters on the photocathode. 
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Figuré 8-6: Anode output uniformity per plxel 
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We next describe basic “crosstalk” and “uniformity” characteristics of limear mulbanode photomult 


plier tubes. 


A. typical setup for measoring crosstalk of a |6-chanmel linear multimode photomultiplier tube is shoen 
in Figure 9-9 and the typical measurement data in Figure 9:10. In this measurement, 2 light spot emitted 
through the 100 um aperture in the A-Y stage was scanned along the photocathode. Typical crosstalk 
obtained from the )f-chanmel linear multianode was approximately 3 %. 





OUTPUT DE LATION tS) 





HIGH VOLTAGE | 
POWER ELPPLY 


SPATIAL FESOLLIT KM 
AND CROSSTALK SCAN 


Sia POSIT 





[Tie wal 


SPSL VoL: Be 

LESHT UE: TLS TE tLe 
SPST Ge: $0 eri 

SA Pe 2 eo 


Pin Wzt) 0s) 02] 01) —|—1— |_| _1_1-1_|_ |_| — 
Le Se 3 ee 4] — | —]| —]j] —] —| —|—]—]J—]— | 
La CB) eS 8) a ed | — | 


apes a fe oie Te itceloslot 
a] os] 27 ie | EE EE 


CROSS TALK 
AREA BARA A 400 estar st 
7 ca 

SS Se ee 


1 =| =| —) — | — | — | — 1 — | — 1 — foie ETI aie 





Figure &10: Crosstalk of 16-channel linear anode 
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Some 1=channe! and 32-chanmel Gear malbanode photomultiplier tubes are low croastalk types. Some 
use 2 special faceplate containing black glass partitions of an electrode structure having shielding walls 
beteeen the anodes of each channel. Typical crosstalk values measured with a bow crossialk type are 
shown in Figure 9:11. 
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Figure 9-11: Grogsialk values of 16-channel low-crosstalk type 
Figure G12 shows typical uniformity data of 2 linear muloanoede photomultiplier tube. This data was 
obtained from each anode when uniform light was illuminated over the entire photocathode of a 22-chan 
mel linear multianode photomultiplier tube. As with the matrix type, non-unthormity mainly originates 
From. gain variations in the secondary electron multiplier. Currently, non-uniformity beteecen each anode is 
about “l:1_7" on average. 
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Figure 9-12: 32-channel linger multianode output uniformity 
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since liachanmel and 32-channel Gnear multianode photomultiplier tubes have a one-dimenstonal array 
of anodes, they are mainly wsed as detectors for mulichanne! spectrophotometry. Ceoe to tts shape, the 42. 
Channel type is often used in combination with a grange or prism, and recent applications include laser 

Linear mulbanode photomuliplier tubes are also available with a band-pass filter attached to the face 
Dlate. Thas alloes detecting lighi only in the wavelength range of interest, just like using a grating or prism. 
There 1s 10 loss of bght caused by the entrance slit whoch 1s used with the grating for separating the light 
Info different wavelengths. Simce light must uniformly shike the entire surface of the band:pass filter, 
Hamamiatso also provides a dedicated mixing fiber combined with a lens for this purpose. Figure 9.15 
shoes a photomultiplier tube with a band-pass filter amd a dedicated mixing fiber combined with a lens. 





Figure 9-13: Photomultiplier tube with band-pass filter Mixing fiber + lens 


Dichroic morrors can also be used for dispersing light into a spectrum. One example 1s illustrated nm 
Figure $14 showing a very compact device containing an optical system and a detector. 
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Figure 9-14: Multianode phojomulttiplier tube assembled with dichroic mirrors 
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9.1.2 Multlanode MCP-PMT 
The multianode MCP-PMT is explained in detail in section 10.4 of Chapter 10. 


9.1.3 Flat panel type multlanode photomultiplier tubes 


(1) Characteristics 


Metal channel dynodes are mainly used in |-inch square metal package phoioom 
panel type (2 square Inches.) photomultiplier tubes, which can be selected according to the particular appa 





cabon. 
This section mirodeces a flat panel type photomuloplier tube with an overall height as short as 15 
millimeters. As. shown in Figure $15, this photomultiplier tube features a large effective area and mimuimal 


dead area (Insensitive area). 


did-inch Groulartyoe = 1-inch square type 1-inch square type 
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Figure 9-15: Comparison of effective area ratio 
Typical spatial resolution obtained wath a flat panel type photomultiplier tube ts shoen in Figure 9-16. 
This spatial resolution data {output distribution of each anode) was measured by scanning the photocath 
ode surface with a |emallimeter collimated ight beam emitied from 2 tungsten lamp through a blue filter. 
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Figure 9-16: Spatial meselution of canter anodes 
Figure $17 shows typical crosstalk characteristics measumed by irradiating the center of an anode (an 
ode pibch 6 mm) with 2 light beam of 3 square millimeters. Relative outpats of adjacent anodes are shown 
in the figure by setting the output of this anode as 100 %,. As can be seen in the figure, this flai panel type 
photomultiplier tube bas a crosstalk of 2 to 3 9 at the center anodes. 
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Figure #17: Crosstalk characteristics of center anodes 
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To take full advantage of the effective area, the photoelectrons emitted from the edges of the photocath 
ode are focused toward the dynodes. This tends to increase anode crosstalk (2% bo 6%) particularly im the 
comer areas. (See Figure 9:18.) 
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Figure §-18: Crosstalk characteristics of anodes In corner area 


9.2 Center-of-Gravity Position Sensitive Photomultiplier Tubes 


9.2.1 Metal channel dynode type multlanode photomultiplier tubes 
(cross-plate anodes) 


(1) Structure 


Figure $79 shows the electrode stroctare of a metal channel! dynode type mulganode photomultipber 
tube using a cross-plate anode. 


In this photomuloplier tube, photoelectrons emitted from the photocathode are muloplied by each dyn 
ode and the multiplied secondary electrons are then reflected back from the last dymode and read out from 
the plate type anodes (cross-plate anodes) arranged in two layers intersecting with each other. 
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2 Conber-of-lravity Position Sonsitive Photomultipler Tahes i} 


Figure &.20 illustrates the centerend: gravity detection method for reading oui the output signal from a 
Position-sensitve photomultiplier tabe using a cross-plate anode. The electron bunch released from the 
Last dynode is collected by anodes linearly arranged in the % and Y¥ directhoms. Since each anode in the 
nme direction is conmected by 2 resistor string. the collected electrons are divided into four signal compo 
nents M1, X21 and ¥2 corresponding io the anode position at whach the secondary electrons arrive. By 
inputting these signals to summing (SUM) amd divider (DIV) circuits, the center of gravity in the X and ¥ 
direchons can be obéained fram Eg. 1. 
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(2) Characteristics 
This section describes spatial resolution characteristics ootained by center-of-gravity detection using 
OC x) + 600) cross-plate anodes respectively arranged in the XY directions. This spatial resolution data 
(output distribution of each anode) was measured by scanning the photocathode surface with a |-millime 
fer collimated ght beam emitted from a tungsten lamp. Resulis are shoon in Figures $21 and $27. 
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Figure 9-22: Spatial resolution of ¥ anodes 





2 Conber-of-lravity Position Sonsitive Photomultiplier Tubes Tal 


Figure $23 introduces a circuit diagram for scintillation imaging of 5]] keV gamma-rays. It utilizes a 
Rowton sensitive photomultiplier tube with 60) + 609 cross: plate anodes amd a mosaic array of scimtillabors 
(BGO of 2.2 mmx2.2 mm=15 mm arranged in a pattern of Sa9=2) poeces). Am actual gage obtained is 
shown in Figure 9-24. 
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Figure 9-23: Selntiiation Imaging clreult using gamma-rays irradiated 
on mosale pattern scintillaters {BGO} 
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Figure §-24: Scintillation image obtained by gamma-rays brradiated 
On Mmas8le Pate Sclniiikators (BGO) 
This scintillation imaging shows the mosaic patiern of #1 (9%9) EXO scintillators (2-2 mmx2.2 mmx 15 
mum). O4fscenter disiortion in the image can be coorected by software. 
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§.2.2 Grid type dynode photomultiplier tubes (Cross-wire anodes) 


(1) Structure 


Figure 9:25 shows the electrode structure for prid type dynodes and the associated electron trajectories. 
The significant difference compared to ordinary box-and:-gred dynodes is that the electron multiplier is 





Fabricated from flat grid-like dymodes. These dymodes have a very fime structure that emits secondary 


electrons while suppressing the spatial spread of secomdary electrons at each dymode. 


In this photomuloplier tube, photoelectrons emitted from the photocathode are muloplied by each dyn: 
ode (up to a total gain of LO or more) and then the multiplied secondary electrons are reflected back from 


the last dynode (reflection type) amd read out from the wire type anodes (cross-wire anodes) arranged in 


hwo layers infersecting with each other. The first dynode is placed in close proximity to the photocathode 
bo muinimize the spatial spread of photoelectrons. 
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Figure 9-25: Electrode structure and electron trajectories 


(2) Characteristics 


A. photomultiplier tube using a l2-stage grid type dymode yields a gain of LO? or more at 1250 volts. This 
type of photomultiplier tube 1s availabie im a circular envelope of 3 of 5 inches im diameters. 


The number of wire anodes in the 3 and ¥ directboms ts 14(%) + {¥) for the *inch circular type 
(anode pitch: 3.75 millimeters) and 2A(4) + 28(Y) for the S<inch circular type (anode pach: 4 mallimeters). 


Meat, bet's discuss the centerof-pravity detechion method and spatial resolution characteristics. As shown 
in Pogure $625, the electron flow spreads spatially between the photocathode and the fret dywode and also 
between each prid dynode. When 30 pom diameter light spot scans the photocathode surface of the J-1mch 
circular type pootormultipler tube, the X and ¥ direction spatial resolutions are obtained as shown in 


Figures $27 and $28. Since the electron flow spreads in the multiplocation process from the photocathode 
to the anode, the width of spatial resolution measured af each amode broadens to 9.5 millimeters im the X 
direction ane to 8 mallimeters in the ¥ direction. 





Figure &-26: Grid type dynode photomultiplier tube 
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Figure $-27: Spagial resolution in % direction 
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To read out the signal from this photomulbplier tube, the center-of=gravity detecton method is used_ as 
described im the previous sechion 9.2.1, “hietal channel dynode type multianode photomuloplier tubes 
(cross: plade anodes)". 


Figure 9-29 shoes plots of spatial resolution measured wath light emitted from a pulsed LED while 
changing ihe amount of light per pulse. This spatial resolution is determined by the center-of: gravity 
distnbubon in he output signal that broadens almost in Inverse proportion to the square root of the amount 
of meident light according io the statistical theory. Figure 9:30 shows the center-of-pravity distibotien 
Characteristics measured while moving 2 light spot on the phofocathode m ] millimeter intervals. [t proves 
that a resolution of 0.3 millimeters (FWHM) is obtained in the center at a light Intensity of 4000 photons 
per pulse. A slight distortion ooours near the off-center regpon because there are fewer crossewire amodes 
involved in the output signal. Figure $31 is a spatial limearity graph showing the electrical center-of 
pravity postion oo the vertical axis and the light spot posipon on the homszontal axis. 
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Figure 9-29: Spatial resolution vs. Incident light level 
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Figure 9-31: Spatial linearity of grid type dynode photomultiplier tube 


In the peripheral portion of the pootomuloplier tube, mot all electrons are focused by the cross:wire 
anodes, and these electrodes cause distortion as if they are draen toward the center. But this distortion 
bewel is small enough to be corrected by a lookup table or similar techniques. 
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CHAPTER 10 


MCP-PMT 





With the advent of the mucrochanne! plate’ (abbreviated as MCP 
heredier), photomultiplier nabes have evelved into more versatile de- 
vices. MCP-PMTs, piotomudiipier tubes that incorporate an MCP in 
Blace of the conventional discrete dynodes, afer wide-bandwidih med- 
surements down to the picosecond level as well ag iow-iipht-level de- 
fection at fhe photon comming level. Tis chapter descrifes these ul- 
fra-fast and Aigh-sensiiivity MC P-PMTs.°’ 
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10.1 Structure 


10.1.1 Structure of MCPs 


Figure 10:1] (a) Wlostrates the schematic simocture of an MCE The MCP consists of a twoedimensional array 
af a great momber of glass capillanes (channels) bondled in paralle)] and formed into the shape of a thin disk. 
Each channel has an intemal diameter ranging from 6 to 30 microns with the nner wall processed to have the 
Proper electrical resistance amd secondary emissive properties. Accordingly, each channel acts as an indepen 
dent electron muloplier. The cross section of a channel amd its ponc§ple of muloplication are dlustraied in 
Figure 10-1 (6). “When a primary electron impinges on the inner wall of a channel, secondary electrons are 
ented. Being accelerated by the electric field created by the woltage Vo appled across both ends of the KECP, 
these secondary electrons bombard the chanmel wall again to produce additional secondary electrons. This 
Process 1s repeated many times along the channel and as a result, a large number of electrons are released from 
the output end. 
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(a) Schematic structure of an MCP {B) Principle of multiplication 


Figure 10-1: Schematic structure of an MCP and its principle of mutiplication 


BECPs are quite dofferent in structore and operabon fom conventional discrete dynodes and therefore offer 
the following outstanding features: 

1) High gain despite compact size 

2) Fast time response 

4) Two-dimensional detection with high spatial resolution 

4) Stable operation even in high magnetic fields 

4) Sensitive to charged particles, ultraviolet radiabon, % rays, gamma rays, and neutrons 

6) Low power consumpbion 


There are various types of detectors that utilize the advantages offered by MCPs, for example image inten 
siers for low-light: bevel imaging, fast ime response photomultiplier tobes that incomporate an hOCP (MCP 
PMTs), positionssensitve multiamode photomultiplier tubes, streak tubes for ultra-fast photometry, and pho: 
ion counting maging tubes for ultra:-kee light level omaging. 


10 Soraecture 1a 


10.1.2 Structure of MCP-PMTs 


Figure 1:2 shows the cross section of a typical hACP PAT. This hOCP PAT consists of an input window, 
Poomtocathode, KOCP, and anode. The photoelectrons emitted from the photocathode enter the channels of the 
RECP and empinge on the inner wall where they are multiplied by means of secondary emission. This process 
is Repeated along the channels, and finally a large nomber of electrons are collected by the anode as an output 
signal. The photocathode to MCP distance 1s approximately 2 millimeters, forming a close-proximity siruc 
ture. Two MCPs are stacked to obtain sufficient gain. A thin film called “ton barmer” is usually formed on the 
Photoelectron input side of the MCP im onder to prevent pons generated inside the MCP from retarning to the 
pootecathode. Figure 10:3 shows an MCP°PMT complete with housing. 
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Figure 10-2: Cross section of a typlcal MCP-PMT 
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Figure 10-3: External view of an MCP-PMT 
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10.1.3 Voltage-divider circult and housing structure 


To operate an KOCP:PMT, proper voltage most be supped to ewch electrode, just as with a photomultpier 
tube. A volbageedivider resistor circuit is usually used. Figure 1064 shows a basac voltageedivider circuct used 
io operate an MICP-PMT (with a beoestage RICP) and the configurabon of the bousing that contains the MCF 
PMT with the voltage-divider circuit. 


As shoen in the figure, a negative high voltage is pormally applied to the photocathode, and the voltage 
divider circuit gives a voltage gradient between the photocathode, MCPoim, MCP-out, and the anode by dived 
Ing the high woltage with properly selected resistors. The woltage-dtvader circuit and housing are designed 
wiih careful consideration piven to prevent “ringing” which may be caused by high-frequency signals, so that 
the output waveform distortion 1s suppressed to 2 minimum level. 
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Figure 10-4: Housing configuration and operating circult tor MCP-PMT 
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10.2 Basic Characteristics of MCP-PMTs 


10.2.1 Gain characteristics” 


The gain of an KIC. PMT depends on the number of hOCPs iIncodporated in the tube. Figure 10-5 shores the 
typical gain versus supply voltage characteristics of an hOCP-PMT_ 
The gain” (u) of an MCP is determined by the length-to-diameter ratio ct (=L/d) of a channel, and approxi 
Tmated as follows: 
p= EMP (0G - an) 
where G is the secondary emission characteristics called the gain factor. This gain factor is an inherent 
characteristic of the channe] wall material and 1s a fonction of the electric field mbtensity inside the channel. 
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Figure 10-5: Typical gain of an MCP-PMT (using a two-siage MCP of 6 am channel diameter) 

[In general. a higher gain can be obtained as {@ j5 made greater, though the pain rising point moves to the 
higher supply voltage side. However, if the gaim becomes higher than 10, noise bepins bo increase signifi 
cantly due to on feedback effects, whoch causes a serous problem. To avoid this, 1s usually selected io be 
armand 40) so that a simgle MCP provides a gain of about 10 at 1kV supply voltage. 

Ass shown in Figure 10-5 abowe, a higher pam can be obtamed from a treo stage MCP: PMT. This gain level 
enables photon counting measurements. 
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10.2.2 Time characteristics” 


As discussed in the previous chapter on photomuloplier tube Ome characteristics, the sigmal pulse can 
broaden during the muloplication process from the photocathode to the anode. This ts due to the emission 
angle distribution and inghal-velocity distnbuton of photoelectrons and secondary electroms, as well as the 
effects of the focusing lens. In an MCP: PMT, a strong electric field 1s applied im nearly paralle! from the 
Photecathode to MICPin and the KMICPout to anode, so that the emission-angle distribution and inibal-wvelocity 
distribution of photoelectrons can be almost ignored. Furthermore, since MCP is used in place of conven 
thonal dynodes, the electron transit time in the secondary electron multiplication process is very shod, allow 
Ing a dramatic mproverent in the transit time spread. Due to these features, the MCP-PMT offers time 
Tesponse characteristics that are the best among currently available photomultiplier tubes. 


(1) Rilsertall times 


The mise and fall times of an MCP:PMT are evaluated from the outpui waveform when the MiCP-PMMT 
detects a light pulse whose wodth ts sufficiently shorn compared to the Ome response of the hICP-PAIT. 
These parameters are especially mmportant when observing the waveform of ultra:short pulsed light. For 
the measurement method, refer to 4.3.1] in Chapter 4. Figure 1-6 shows an actual waveform obtained with 
an hEACP-PRIT. 
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Figure 10-6: Pulse response waveform of MCP-PMT (RAS800U-50) 


(2) Transit time 


The transit Ome 1s the time delay between the input of a ght pulse at the photomultiplier tube and the 
appearance of the outpat pulse from the photomaltipber tube. Por the measurement method, refer to 4.3_] 
in Chapter 4. 


(3) TTS (transit time spread) 

When one photon enters an MCP-PMT, the photocathode comverts it into an electron which travels to 
the anode while being multiplied. The transit time of an electron bunch differs depending on each Input 
Photon. The distribution of this transit Gime is referred to as the transit ime spread or TTS. This TTS is an 
important parameter, especially in the teme-correlabed photon counting technique where the measure 
ment of ming is of pome consideratpon. For the measurement method, refer to 4.3.1 m Chapter 4. 
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Ad Hamamatse Photonics, TTS is evaluated with the measurement system shown in Figure 10-7. In this 
system. the IRF (instrument response function) value is measured as the Ome characteristic for the entire 
s¥item imcloding the KOCP:PRIT. This 1s because the measurement system uses a laser pulse with aporoxi: 
mately 35 pionsecond pulse width, which acts as a time fitter equal io the TTS of the MCP: PMT. The 
relation between the TTS and IRF is given by the following equation. 


(IRFY = (TTSy + Tw + Tj 


TW : laser pulse width 
Ti 2 other time jitter in the measurement system 
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Figure 10-7: IRF measurement using MCP-PMT (AS809U-50) 


To ewaluaie the TTS of an MCP-PMT more accurately, the measurement system shown in Figure 10-8 
was used amd excellent data of 25.0 picoseconds has been obtained. This system uses a laser pulse with a4 
Picosecond pulse width which t shorter than the TTS of the MCP: PMT, therefore enabling accurale mea: 
surements. 
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Figure 10-8: Accurate TTS measurement of MCP-PMT (RaBO9U-50) 
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(4) Cathode transit time difference 


In most photomultiplier tubes, the electron transit time differs with the posibon of photocathode illumi 
nation. When the entire photocathode is uniformly illuminated, the difference im transit ime with respect 
to poston is referred to as the cathode tramsit time difference or CTTD. The CTTD usually affects the 
TTS, but in the case of proximity:focused AICP PMTs, it has little effect on the TTS. For the measurement 
method, refer to 4.3_] m Chapter 4. 


(5) Time characteristics of various products 


Tume characteristics of various MOCP:PATs are summarized in Table 10:1] below. The Jess the number 
of MCP stages and the smaller the channel diameter, the better ibe time characteristics. Compared to 
comventional MCP-PMTs using 12 wm channel MCPs, the RISO9U senes using 6 wm channel MCPs has 
mmuproved the mise time by 70 pocosecomds and the IRF by 25 picoseconds. The fall tame does not show a 
correlation with the ree time. This is probably due bo the difference in electrostatic capacity between the 
MICP and the anode. The gated KACP-PMT is slightly inferior in time characteristics compared to other 
types. This is presumably because the electtic field betoeen the gate mesh and the cathode is weak so that 
the photoelectron emission angle and intial velocity distabation tend bo affect the time characteristics 
adversely io some extent. 


RIBIGL-50 (Gum, 2-stage MCP) 


RSS76L-50 (Spm, 2-stage MCP} 
RTO24U (gum, 2-stageMcr) | ips | taps |S 40s S| 
Note. Cita in the above tatie shows typical values including the light ourse and circuil piters. 

A picosecond laser with a pulse width (FWHM) of ees than 95 ge is use! for [AF measurement, 

The RS916L-50 i¢ a gated MCP-PMT. The APO22L is a trieda type MCP-PMT (Figure 10-9). 


10-1: Comparléon of MCP-PAMT time characteristics 











The RYO24 MCPePMT offers significant improvements in rise amd fall times. [ts stroctare is shown in 
Figure 10:9. Thais tobe has been developed specifically for use in ultra-fast photometry. A mesh electrode 
Is provided between the AECPout and the anode as shoan in the figure, and the signal output method differs 
From ordinary MCP: PMTs. The mesh betoecen the MCPout and the anode cancels out the displacement 
current generated at the time that the secondary electrons emitted from the MCF are accelerated towards 
the anode. Figure 10:10 shows a typical output waveform from the RTO2d. Ultrafast time response with 
110 pooosecenmd rise time and 120 picosecond fall time is obtained. 
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Figure 10-9: Structure of the Arid 
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Figure 10-10: Time response waveform of the Ardea 


10.2.3 Temperature characteristics and cooling 


Acs with normal photomuliplier tubes, the dark current and dark count of MCP: PMT greatly depend on the 
Pootecathode type and operating temperature. In particular, the dark current and dark count of a mulbalkali 
Pootecathode with enhanced red sensitivity (5°25) are relatively high af room temperatures, so MCP: PMTs 
using such a photocathode may need to be cooled during operation. 
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Figure 10-11: Dark count ¥s. amblent Temperature 


Hamamatsu Photonics provides an opbonal thermoelectric cooler and holder specifically designed for 
BCP PMT. Using this cooler and the bolder allows easy cooling of an MCP: PMT at a comsiant bemperature 
af -20°C. 


10.2.4 Saturation characteristics 


In general, the saturation of a photodetector 1s defined as the phenomenon in which the amount of output 
signal is mo longer proportional to the incident light intensity. In the case of MCP:PMTs, the causes of this 
saturabion are different from those of normal photomultqpber tubes using multiple stages of discrete dynodes. 
The saturation is caused by the dead time daring which the MCP output current is limied and also by space 
charge effects inside the RICP. Precawbons must be taken so that saborabon by the dead time will mot occur. 
Sturaion charactenstics of MCP-PMT are described in detail below. 


(1) Dead time"? 


When an BCP is irradiated by a pulsed electron current, a positive change is generated at the MCP 
output end in accordance with the released electron current. Thos phenomenon deforms the potential distri 
bation and weakens ibe electric fields so that the subsequent electron mouliiplication i suppressed. This 
charge is meutralined by the strip current flowing through the channel wall. However, a ceriain amount of 
ime is required for newtralizahion because the strip cugrent 1s small due te the high resistance of the MCP. 
The gain of signals entering within this penod ts uswally low. The time required for neutralization 1s 
refered to as the dead time or recovery bme. If the output charge per chamne! is green by (bout and the simp 
current per channel by Is, then the dead time t4 is given by the following relation: 


ty = Qout / Is 
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The dead Ome can be shortened by using a low resistance MCP which allows the stop current Is to flow 
in large quantities. This also improves saturation characteristics. 


When an ROCP:PMT is operated im such a way that the next electron enters the KOCP within this dead 
Hime, wrious types of output saturation occur as described below. [f the KOCP PMT is operated af saturated 
levels, it cannot exhibit adequate performance, and also degrades the photocathode sensitivity and MCP 
gain. 


(2) Saturation in DC operation 


Am ECP has a high resistance ranging from iems bo hondreds of megohmes, which limits the output 
current from the MCP Ebecause of this, owtput current saturation occurs as the input current increases, as 
shown in Figure 10:12 (a) and (b). Thais is mamly caused by a decrease in the electric fed Intensity due to 
wanabons in the potential distribution at the output end of the ROCP which results from large amounts of 
seoondary electrons from the ICP. 

The dectease in the electc Geld intensity is recovered by the sip current Mowing through the channel 
wall. Saturaben in DC operabon usually begins to occur when the output cuvrent becomes approximately 
7 percent or more of the strip current, so use caution. 
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Figure 10-12 {a}: Saturation characteristics of MOCP-PMT (17 mun effective diameter, 
Gam channel dlameter) In OC operation (1) 
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Figure 10-12 (6): Saturation characteristics of MOP-PMT (17 mim effective dlameter, 
6 pm channel diameter) In DC operation {2} 


(3) Pulse gain saturation characteristics (pulse linearity) 
When pulsed Gght in an extremely short duration enters the MCP: PMT, the output lmearity can be 
maintained io some extent. Figure 10-7 shoes the bnearity data of an ROCPPRIT when it detects pulsed 
Light. 
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Figure 10-13 (aj: Block diagram tor MCP-PMT pulse linearity measurement 
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Figure 10-13 (0): Pulse linearity of an MCP-PMT (11 mm effective dlameter, 6 mm channel diameter) 


Figure 10:13 (a) shows a block digegram for measuring pulse lineanty. A picosecond light polser is used 
as the light source. The intensity of the pulsed ight (FWHM 450 ps) is adjusted by ND (neutral density) 
filters and input to the MCP-PMT. Figure 10-17 (6) shows a typical pulse linearity plot for a proximity 
focused MCP: PIT measured af a pulse repetition rate of 200 Hz to 3) kHz Pulse currents up to a peak of 
350 miluamperes can be extracted at a repetition rate of 300 Hz or bess. The maximom pulse current af a 
bow repetition mate 1s determined by the product of the number of electrons released from one channel 
goverued by space charge effects and the numberof MCP channess. On the other hand, the maximum pulse 
current at a high repetibon rate 1s detenmined by the ratio of the strip current to the iotal amount of charge 
which is the product of the charge per pulse and the repetition rate. 


When the repetition rate 1s too high, the MCP pain begins io drop because the next pulse enters within 
the dead time (see (1) m 10.2.4), causing output saturabon. 
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(4) Saturation gain characteristics in photon counting mode 


Figure [0.14 shows pulse hepght distributions of photoelectron signals and dark current pulses taken 
with an BECP-PMT in the photon counting mode. Unlike single-photon pulse height distnbubons obtained 
with normal photomuloplier tubes, a distinct peak is formed in the pulse height distibution obtained with 
the KOCP: PMT. This is due to ibe saturation occuring in the MCP channel by the space charge effect 
caused by a single photon. 
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Figure 10-14: Typical pulse height distribution in single photon counting 


(5) Count rate linearity In photon counting 


Figure 10-15 dlosiraies a block diagram for measuring the count-rate pulse linearity in phoion counting. 
Light infenstty 1s redooed by neutral density filters down to the single photoelectron bevel. The nomber of 
gimgle photoelectron pulses 1s counted by the counter circuit conmected to the MCP: PMT, and the count 
rate is Measured and plotted while changing the number of incident photons. 
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Figure 10-15: Block diagram for measuring count-rate linearity In photon counting made 


Figure 1-16 shows count-rate linearity data measured in photon counting mode. “A good linearity 15 
maintained upto LO’ 5‘. 
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Figure 10-16: Count-rate linearity of an MOP-PMT (11 mm efiective diameter, 
6 mm channel diameter) in photon counting mode 





10.2.5 Magnetic characteristics” 


Ass stated in the secbon on photomultiplier tubes designed for use in highly magnetic enviromments, the 
following points are essential io improve magnetic characteristics. 

(1) The distance between the photocathode, dynodes and anode should be shoctemed to minimize the 

electron transit distance. 

(2) The electrodes should be designed io apply a parallel electric field from the photocathode to the anode 

mi? that the secondary electrons do mot converge but travel in parallel to the tube axis. 

(3) A high electric field intensity should be applied. 

The MCP: PMT meets all the above requirements and provides superior magnetic characteristics. Figure 
10:17 shows typical magnetic characteristics of am RACP-PMT. The extent of the effect of a magnetic Geld on 
the output depends on the direction of the magnetic field with respect to the AICP axis. In magnetic fields 
parallel to the tube axis, the MCP-PMT can operate af up to 2.0 T (20 kilogausses), but im magnetic fields 
perpendicular to the tube axis, the output drops drastically if fields exceed TO mT (700 paowusses). 
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Figure 10-17: Typical magnetic characteristics of an MGP-PMT (1) 
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Figure 10-17: Typical magnetic characteristics of an MCP-PMT (2) 
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10.3 Gated MCP-PMTs* 


In applications in fields such as fluorescence Lfehime measurement, laser Raman spectroscopy, and laser 
radar, photodetectors with a gate function are often required for more precise measurements. The pate func 
Hon should have the following performance charactenstics: 

(1) Highest possible gating speed 

(2) Large swotching ratio (gate on/off rate) 

(3) Low switching noise 

Figure 1:18 illustrates the stracture of a pated MCPPMT (R59160U-50)). This tube basically consists of a 
Pootocathode, gate mesh, CP and anode. The gating fonction 1s performed by controlling the gate mesh 
which is positoned in close proximity to the photocathode as shown in Figure 10-18. Apolying a reverse 
Potential with respect to the photocathode potential to the gate mesh sets the “off” mode, while applying a 
forward potential sets the gate operation “on” mode. 
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Figuré 10-16: Structure of an MCP-PAMT with gate mesh and is operating circuit 
Figure 10-79 shoves the basic characteristic of the gate function for a typical switching ratio taken wath a 
fated MCP-PMT operating under static conditions. This data is the relation between the anode outpat amd the 


voltage applied to the gate mesh (input gate bias voliage) when the pootocathode potential is maimtamed at (0 
volts amd proves that the switching ratio is better than 10° Gincident light wavelength: 500 nanometers). 


24. CHAPTER 10 MOLF-PMT 


LATIVE ANOOE OUTPUT 


FE 























RAPLIT GATE BASS WOOL TAGE (e") 


Figure 10-19: Sh ey retlo characteristic under siatic ope 





Figure 10-20 shows the dynamic gate performance obtained with a pated MCP: PMT when a gate pulse is 
apolied while contmuaous bght ts alkywed to stoke the tube. The MCP: PMT sigmal starts rising in appraxi 
maiely | nanosecond. 
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Figure 10-20: Dynamic gate characterléthe 


As explained above, the gated KOCP:PMT offers sagnificant improvement in pate speed and seitching ratio 
In comparison with conventional photomuloplier tubes. 
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10.4 Multianode MCP-PMTs* 


The previous sechons mainly discussed MCP. PMTs having a single anode..A variety of MCP:PMTs oath 
independent multianodes (Rd11)00, etc.) have been developed and put to practical use. These multianode 
ROCP PMTs offer simultaneous, teoedimensional (or onesdimensional) detechon as well as fast response 
speed and low: hbghtelevel detechon. The structure of a typical moltiamode MCP: PMT ts dlustrabed in Figure 
10-21, 
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Figuré 10-27: Multlanode MCP-PMT with 10.10 anode tarmat 


Figures [022 (a) to (c)} show the spatial resolutions of wanouws mulbanode MCP PMTs. These consist of 
the outpot profile of each anode when a bghi spot of approximately 20 am diameter is scanned over the 
PHotocathode. 
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Figure 10-22: Typical spatial resolution (1) 
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Figure 10-22: Typlcal spatial resolution (2) 


The following applications can take advantage of mulianode hiCP-PMTs. 
(1) Somultaneous, teo-dimensional low-light detection of a luminous body which is spread out over a 
LaTBe Space 

(2) Somultameous, mulichanne! hme-resolved spectroscopy using optical fibers 

(3) Multichannel readout from scintillating fibers 

As listed in Table 102, the family of multianode MCP: PMTs includes a dd matrix anode type, ER 
matnix anode type, [O10 matix anode type, and a 72 limear anode type. Furthermore, mulitanode hICP 
PRIT assembly modules equipped with voltageedreider cocuits, connectors and cables are available. The 
anode configurations listed in Table 10:2 are just typical examples. Other anode configurations and the mum 
ber of anodes are also available upon request. 
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Tabhe 10-2: Examples of mulilanode MCP-PRITS 
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CHAPTER 11 


HPD (Hybrid Photo-Detector) 





APO (Aybrid PRote-Detector) is a completely new photomuliplier 
fibe that incormorates a semiconductor element (ff di evacudled elec- 
fron tube. In APD operation, photoelectrons emitted fram ihe phoato- 
cathode are accelerated to directly strike the semiconductor where ier 
numbers are increased. Features offered by the APD are extremely 
inte fuctwanon during the muitiplication, high electron resolution, 
and eocetent shbiire. 
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11.1 Operating Principle of HPDs 


As shown in Figure 11-1,an HPO consists of a photocathode for converting light into photoelectrons and a 
semiconductor element (avalanche diode or AD) which ts the target for “electron bombardment” by photo: 
electrons. The HPD operates on the following principle: when light enters the photocathode, photoelectrons 
are emitted scoording to the amvount of light; these photoelectrons are accelerated by a high-intensity electric 
field of a few kilowolts bo several dowen bolovolts applied to the photocathode; they are then bombarded onto 
the target semiconductor where electron-hole pairs are generated according to ibe incident energy of the 
pooteelectroms. This is called “electron bombardment gain”. A typical relation between this electron bom 
bardment pam and the photocathode supply voltage 1s plotied in Figure 11:2. In poncip®, this electron bom 
bardment pain is proportional to the photocathode supply voltage. However, there 1s actually a loss of energy 
In the electron bombardment due io the insensitive surface layer of the semiconductor, so their proportional 
relation dees not bold at a low voltage. In Figure 1 )«2, the voltage at a point on the voltage axis —— 
axis) where the dotted line intersects is called the threshold voltage [Vth]. Electron bombardment in. 
cheases In proportion io the electron incilent energy in a region bigher than a photocathode supply voltage 
near the threshold voltage. 
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Figure 11-1; Schematic diagram of HPD 
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Figure 11-2: Electron bombardment galn char 





11.1 Operating Principle of HPD att 


The internal silicon avalanche diode (AD) in an HPD generates an electron and hole pair per incident 
energy of approximately 3.6 eV. The electron bombardment gain Gb can be expressed by using the electrical 
potential difference Wipe [W] between the photocathode and the semiconductor element (This is equal to the 
Pootecathode supply voltage.) and the threshold voltage [Vth] determined by the semiconductor element. 


Gi = etl si ec cnaecacaapia ana eaeiceetee aE: 


In Figure ]1°2, Wth 1s approximately 4 kilovolts. 


The cluster of secondary electrons acquired by electron bombardment 1s further multiplied by the ava 
lanche gain in the semiconductor (avalanche diode) according to the bias voltage applied bo the semiconduc: 
tor. [f the gain of the avalanche diode (AD) is Gt, then the HPD total gain G is calculated as follows: 


WO ce MR SG eee EE) 


In the case of the RTLIOU senes APD currently available as a product, the electron bombardment pai Gb 
is apormdmately 1,100 when the photocathode supply voltage os «3 kalowolts. Furthermore, the avalanche gain 
G of approximately 30 times cam be attained by applying a proper reverse voltage to the AD. Thos the total 
gain (3 will be approximately 55 (}00). 
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11.2 Comparison with Photomultiplier Tubes 


This secon compares HPD woth photomultiplier tubes widely used in boolight-Jevel measurement and 
discusses their different characteristics. The electron bombardment pain of an HPD comesponds to the pam 
attained by the first dymode of a photomuloplier tobe. As stated earlier, the HPD dedvers an electron bombard: 
ment gain of about 1,100 (at photocathode voltage of 3% kilovolts) which is much higher than comeentional 
Photomuliplier tubes, so that the gain fluctoabon can be significant] y reduced. This meams that when used im 
pulsed light measurement in a region of several photons, the HPO can measure a polse height distibution with 
separate peaks that comespond to |] to 5 photoelectrons. In this point, the HPD is superior to photomultiplier 
tubes. Moreover, the HPD muloplication mechanism 1s simple so that it exhibits advantages in applications 
where quantitative property, reproducibility amd stability are essential factors. Table 1)-] compares major 
HPD and photomaultipler tube characteristics. 
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Table 11-1: Comparison with photomultiplier tubes 














11.3 Vartous Characteristics of APO att 


11.3 Various Characteristics of HPDs 


11.3.1 Multi-photoelectron resolution 


Since the electron bombardment gain that corresponds to the gain of the first dynode of a conventional 
PHotomultiplier tabe is as high as 1.100 (at photocathode woltage of -& kilovolts), the HPD offers ideal signal 
ampofication with very little Actuation in the multiplication. For example, when pulsed light adjusted so the 
Pootecathode emits 2 photoelectrons on average 1s repeatedly input to an HPD, mulopee peaks corresponding 
to 1] to 5 photoelectrons can be detected by measuring the output pulse height Figure 11-3 shows this ex 
ample. The reason why these multiple peaks can be detected is that floctoaton im the electron moultiplicahon 
Is extremely small. This is the HPD's most sigmiGcant featore. Dee to this feature, singse-electron pulse-height 
resolution, which is about 30% (FWHM), 15 also excellent. 
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Figure 11-3: Muli-photeelectron counting chars 
11.3.2 Gain characteristics and electron bombardment gain uniformity 


Ass explained in the operating pomciple section, the HPD gain is expressed by the product of the electron 
bombardment gain Gb and the avalanche gain Gt (See Eg. 11:2.) As shown in Figure 1) <2, when a certaim 
threshold voltage i exceeded, the electron bombardment gain of the RV) OU seres mcreases in proportion to 
the photocathode supply voltage according bo Bq. Ile]. The avalanche gain characteristics of the intemal AD 
are plotted in Figure ]led. The avalanche gain gradually increases from a point where the voltage applied to 
the AD exceeds about 100 volts and sharply increases when the breakdoen voltage (voltage at which the beak 
current reaches | macroampere) is approached. [it 1s difficult to maintain stable operaivon if the reverse bias 
voltage is set near the breakdown volage around which the gain increases sharply. Generally, the HPO should 
be used at an avalanche gain of 30 o7 Jess. The avalanche gain differs slightly depending on the prodecton lot 
of the semiconductor element. In the case of the semiconductor element shown im Figure |] 4d, ihe avalanche 
gam is 1) at 138 volts, 20 at 149 wolts and 60 at 152 volts. Figure ] 1 also shows leak current characteristics 
versus the reverse bias voltage applied to the AD. These pam charactenstics are common to all models of the 
R7TIIOU series. 
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The avalanche pain has temperabtore dependence as discussed later in secon | 1.3.8, " Temperature charac- 
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Figure 11-4: Avalanche gain and leak current characteristics of Internal AD 
Indrvidual differences in electron bombardment gain charactenstics of the RTLIOU senes are shown in 


Figure 11:5 and Table 11-2. The HPD electron bombardment gain depends on the electron accelerating volt 
age and the structure of the AD's electron incident surface. Generally, the AD's electron incident surface is 
uniform, s0 Individual differences in electron bombardment gain are very small as long as the phobocathode 
supply voltage is the same. This is a large advantage not available from photomuliplier tubes using an array 
af dynodes. 


On the other hand, there are individual differences in avalanche gain even if operated at the same AD 
reverse bias voliage. Although care should be taken regarding this point, adjusting the reverse bias voltage 
alavers you to easily adjust the avalanche gain to the same level. In this case, unbke photomultiplier tubes, 
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Figure 11-5: individual diterences in electron bombardment gain Table 11-2: Numerical data 


11.3 Vertous Characteristics of APO als 


11.3.3 Time response characteristics 


Figure | lef shows a typical output waveform of the RY) LOU senes. Thos qutpat waveform was obtained by 
inputting a light pulse from a PLP (sembconducior pulse laser of approximaiely 60 pocosecomds FWHM and 
400 nanometers wavelength). Time response characteristics of the R7L100 series are determined by the ca: 
Pacitance (aporox. 120 picofarads) of the internal AD which becomes nearly constant when a bias voltage 
higher than 60 volts is applied to ihe AD since the AD is fully depleted. The difference in the pulse beight 
between peaks at an AD reverse bias voltage of 100 volts amd 153 volts indicates the difference in the ava. 
lanche pain between each bias voliage. Transit hme spread (TTS) of single photoelectron pulses 1s. approx 
mately 450 prcoseconds for the RT1]1OU senes. These time characteristics are common to all models of the 
RTIOU series. 
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Figure 11-6: Time response waveform 
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11.3.4 Uniformity 


Uniformity is the varabon of sensitreity versus the photocathode positon. Typical anode uniformity char 
actensiics for ihe RY] LOU 0? (effective pooiocaibode area: & millimeiers nm diameder) are shown in Figure 


1l:7. The HPO anode uniformity is determined by ithe photocathode sensitwity uniformity and the AD gain 
uniformity. The figure demonstrates that the HPO has very uniform sensitivity 
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Figure 11-7: Uniformity 
11.3.5 Light hysteresis characteristics 


When incident light is changed mm a sbep fFumction, the output might not be comparable with that same step 
function. This phenomenon is called “hysteresis”. Hysteresis characteristics of an HPD are shown in Figure 
11-8. In the case of photomultiplier tubes, light lysteresis tends to ooour in the multiplication process repeated 
by the dymodes. (On the other hand, HPD exhibits extremely good hysteresis because the multiplication pro: 

ofss 1s simple since the electrons emitted from the photocathode only enter the AD 


11.3 Various Characteristics of HPO al? 
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Figure 11-8: Light hysteresis characteristics 


11.3.6 Drift characteristics (short-term stability) 


Figure 11-4 shows typical output vanations of the R71 LOU sertes, measured over a short time period of 12 
hours (720 minutes). In photomuliplier tubes, drift is maimly caused by deterioration of the dynodes. Since 
APD has no dynoedes, good drift characteristics are ensured. 
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Figure 11-9: Drift characterises. 


21H CHAPTER 11 APD (Hybrid Poto- Detector 


11.3.7 Magnetic characteristics 


The HPD operation is very simple im that phodoelectrons emitted from the photecathode are directly bom 
barded into the semoconductor (avalanche diode or AD). Thos makes the electron trajectories simple enough 
s0 that the photoelectrons can be focused onio the semiconductor by an electron Jens. Because of this, the 
effective photocathode area is limited to a size equal to the effectve diameter of the AAD (3 millimeters for the 
RTLIOU series). Cee to this structure, theoretically the output will not change even in a strong magnetic Geld 
as long as Its direchon is parallel to the HPD tobe axial direction. 


11.3.8 Temperature characteristics 


Typical bemperature characteristics of AD leak current in the RVL OD series are shown im Figure 11-10. 
Each reverse bias voltage shows a similar tendency in that the AD leak current increases with iemperatore. 
The avalanche pain, m contrast, decreases with temperature rise as stated below. (See Figure | 1-11.) Nonethe 
Jess, the leak cumrent increases ‘with temperature. 


Figure 11-1) shows temperature characteristics of avalanche gain. In a range from - 10°C to 35°C, the 
avalanche gain temperature coefficient does not change greatly. [t is approximately <1] S&C at an AD reverse 
bias voltage of 138 volts. However, it increases io about <2.) SOC at 149 volts amd to -3.3 PC at 153 volts. 
The AD temperature must therefore be controlled to ensure stable HPD operation while obtaining a high 
avalanche gain. When the HPD ts wsed with the AD rewerse Bias voltage mambained at a constant value, there 
15 an extreme Increase in gain as the temperature lowers. So care must be taken to prevent the AD from being 
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Figure 11-70: Temperature characteristics of AD leak current 
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Figure 11-11: Temperature characteristics of AD avalanche gain 


11.4 Connection Examples (A7110U Series) 


11.4.1 When handling DC signal (including connection to transimpedance amp) 





Figure 11-12: BC mode connection example 
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11.4.2 When handling pulse signal (including connection to charge amp) 
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Figure 11-13: Pulse made connecton example 
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CHAPTER 12 


ELECTRON MULTIPLIER TUBES 
AND ION DETECTORS 





Fiectron muiiolier tubes (EMT) are capable of detecting iteAr at 
relarrvely short wavelengnis such as soft A-ravs and vacuum OY VO) 
radiation and charged particles such as electrons and tons. lon detec- 
fors are desimed and optimized for ton detection in mass spectrom- 
eters! Pi 


This chapter describes the structures and characteristics of elect 
muaitiier tubes and jon detectors. 
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12.1 Structure 


The structare of an electron multiplier tube 1s basically identical to the dynode assembly and anode used in 
pPomtomulbplier tubes. The dynode structure is selected according to the required characteristics, size and 
shape. (See 42.7 in Chapter 4.) Figure 12:1 shows typical electron mulbplier tabes. 





Figure 12-1: Electron multiplier 
An electron multipber tube is operated in a vacuum, are the yoms, electrons, WU'V radiation, or soft M-rays 


to be detected are guided so as to ember the first dynode. The first dynode excited by such particles or radiabon 
emits secondary electrons or photoelectrons. These generated electrons are multiplied in a cascade by the 
second and following dynodes and a cluster of secomdary electrons finally reaches the anode. Eoectron mul: 
Pler tubes come with built-in voulage-divider resistors that supply an optimum voltage between each dymode. 
A bolder is also mounted for holding the electron multiplier tube. 





Ton detectors are used for jon detection In mass spectrometers (see 14.102] im Chapter 14). As with electron 
multiplier tubes, jon detectors consist of a dynode sechon, an anode, voltageedivider resistors, holdez, and a 
Faraday cup of conversion cup needed for varvous types of mass spectrometers. The dynode type uses linear: 
focused type dynodes (see 4.2.1 in Chapter 4). Pigure 12-2 shows typical ton detectors assembled with a 
conversion dynmode. 





Figure 12-2: lon detectors with conversion dynade 
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In 2 mass spectrometer, ions that have passed through the mass separaio; are accelerated onto the conver 
ston dynode bo which a high voltage is applied. Electrons emitted from the conversion dynode by the incident 
lons then enter the first dynode where secondary electrons are emitted from the secondary emissive surfaces. 
These secondary electrons are multiplied by the other dynodes and a cluster of electrons fimally reaches the 
anode. [on detectors are designed so that these electron conversion and multiplication processes are opt 
mized. Pigare [2-3 shows the ion detection mechanism in an ion detector wath a conversion dynoede. 
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Figure 12-3: bon detection by an lon detector with a conversion dynode 


The secondary emisstve surface of each dymode ts activated by special oxidation processing fonmed on a 
Oogper electrode containing several percent beryllium. This secondary emissive surface efficienily emits sec 
ondary electrons from the input of soft rays, vacuum UY radiation, electrons, and toms. Another type of 
dynode uses a secondary emissive surface made of aluminum oxide whoch provides stable characteristics with 
extremely Low detenoration even if left in air. 


12.2 Characteristics 


12.2.1 Sensitivity to soft X-rays, VUV, electrons and ions 


Beery ium oxide (Be) generally used im the first dymode of electron multiplier tubes 1s sensitive to soft X 
Tays to UY radiation at nearly 300 nanometers. Electron multiplier tubes are effective detectors when in a 
wirelemeth range shorter than the cutoff wavelength of the MgP; window (approximately 115 nanometers). 
(See 4.0 m Chapter 4_) A typical spectral response for beryllium oxide is shown in Figure |2-d, covering a 
range from 30 to 140 nanomediers. 
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Figure 12-4: Spectral response characteristic of beryllium oxide 


Wartous spectral response characteristics are available by replacing the first dymode of electron multipber 
tubes with another type that are evaporated with alkali halade maiemals seach as Cs], Cul, FCI and Mgr) 
aptimized for the target wavelength range and operating conditeons. However, these matenals are subject bo 
deliguescence and require careful handling. Typical spectral response characteristics (reference values) of 
Cal, Be. RbBr and Av are shown im Figure 12-5. 
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Figuré 12-5: Spectral response characteristics of varlous subsiances (reference values} 


12.20 Charectorist ics. 


The Orst dynode of electron multiplier tubes is sensitive to electrons with energy soch as Ager electrons, 
secondary electrons and reflected electrons (see 2.3 in Chapter 2). Figure 12-6 shows typical secondary emis 
S300 Talo versus primary electron accelerating voltage for beryllwm oxide and alaminum onde. The second 


ary emission ratio peaks af a primary electron accelerating voltage of aboot £00) to S00 volts. 
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Figure 12-6: Secondary emission ratio vs, primary electron accelerating voltage 


The rst dynode of electron noultipler tubes 1s also sensitive to ions. Typically, several electrons are emit 
ted in response to one ton, athoweh thos rate depends slightly on the state of the secondary electron emissive 
surface on the first dynode. The number of emitted electrons ts also affected by the molecular weight (mfzy" 
and ion accelerating voltage. Figure 12-7 shows the relation between the electron emission ratio and the 
accelerating voltage for nitragen poms. In Figure 12-8, typacal electron emission ratios at an accelerating 
voltage of 2000 volts are plotted for various types of ions. 
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Figure 12-7; Electron emission ratio vs. accelerating voltage tar nitrogen loans 
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Figure 12-8: Electron emission ratios for various kinds of bons at 2000 ¥ accelerating voltage 


fost ion detectors have a conversion dynode applied with a high voltage and positioned before the first 
dynode. This conversion dynode converts bons into electrons like the first dynode used in photomuloplier 
tubes does. The toneto-electron conversion efficiency 1s proportional te the speed at which toms strike the 
surface of the conversion dynode.”! Because of this, the conversion dynode is designed to increase the speed af 
the incident tons and to enhance the conversion efictency. Figure 12-9 shows the difference im semsitrity 
between an electron multiplier and an jon detector with a conversion dynode. The effect of the conversion 
dynode is more significant in a higher mass/charge ratio region.” 
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Figure 12-9: Sensitivity imerovement in lon detector with conversion dynode 
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12.2.2 Gain 


Avs im the case of photomultiplier tubes, the coment amplification or gain of an electron multiplier tube is 
expressed a5 Follows. 


Gain i) = AE, ——__.______.__.__.__.__.__.__.__._._._.—. (By 12-1) 


Ebb: supply voltage 
kK Dconstant determined by electrode structure and material 
nm oo number of dynode stages. 


[tis clear from this equation that the pain wis proportional to the k-th power of the supoly voltage. Typical 
Bain versus supply voltage 1s plotted m Figure 12:10). 
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Figure 12-10: Typical gain versus supply voltage characteristics of electron multiplier tube 


12.2.3 Dark current and noise 


The secondary emissive surface of dynodes used for typical electron muloplier tubes and .on detectors & 
made of beryllwm oxide or aluminum oxide. These materials have a high work function and therefore exhibit 
excepbonally low dark current. Even so, small amounts of dark current may be generaied by the following 
Fachors: 

1. Thenmionic emission cumrent from the secondary electron emissive surface 

2. Leakage current from electrode support materials 

4. Field emasston current 

Typed! electron mulipoer tubes and jon detectors have very low dark current which is less than | picoampere 


when operated at a supply voltage providing a gain of 10°. Dark current and noise measurement results are 
shoan in Figure 12:11. 
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Figure 12-11: Cark current/noise measurement results 


An boo soarce used in mass spectrometers ponizes a sample, but simuliameously produces noise compo 
neots such as UY radiation and X-rays. These noise components also enter the ion detector along with the 
sample toms and are then mulopied. This noise is penetally regarded as. intemal jon detector pose, although 
1b 1s not caused by the ton detector itself. To reduce the moise actually originating from the ton source, the first 
dynode or comversion dynode of ihe ion detectors is arranged at a postion slighily shafted from the ton input 
opening. “Also an electic held Jens created by a special electrode 15 used to allow only sample jons to enter the 
Jon detector. (This 1s called an “off-axis structure’-) Figure 12:12 shows the ion detection mechanism of an 
off-axis ton debector and Figure 12:12 shows noise measured with the off-axis ion detector installed in a mass 
spectrometer. The signal at molecular weight ratios (m/x)° where no jons exist appears as noise. This noise 
level is pearly equal to the intrinsic noise of the jon detector. 
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Figure 12-12: bon detection in an off-axle lon detector 
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Figure 12-13: lan source noise measured with an off-axis jon detector 


Because electron multiplier tubes amd ton detectors are used in a vacuum, the noise level also depends on 
the pressure. Generally, the lower the pressure level (for example, lo Pa), the less the noose wall be, and the 
higher the pressure level, the greater the noise will be. Figure 12:14 shows the relation between the noise 
count and the pressure level af which an electron muloplier tube and ion detector are operabed. 
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Figure 12-14: Typical noise count vs. pressure level tor electron multiplier tubes 
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12.2.4 Linearity 


Most electron multipber tubes and ton detectors usually incorporate voltage=divider resistors between each 
snocessive dynode. This resistor is about | Mt? per stage, so the total resistance comes io 20) MEY. As in the 
case of photomuliiplier tubes, the value of a limear output carrent 1s bmiied by the current flowing through 
these voltage-divider resistors. (See 5.) im Chapter 5.) Figure 12-15 shows the linearity plotted when an 
electron multiplier tube or ton detector is operated in CXC mode. 
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Figure 12-15: Typical electron multiplier tube linearity In DC operation 


As the output current increases, the gain abruptly drops after increasing slightly. This is a typical pattern for 
linearity dependent on the voltagesdivider current. The linearity can be emproved by reducing the total value 
af the voltagesdivider resistors. To suppress the undesired increase in the gain which bends to oocur when the 
auiput current becomes large, the resistor value between the last stage and ground should be made smaller. 

The limearity in pulse counting mode is generally deiermined by the Ome response and voltage-divider 
circuit current of the electron multiplier tube of ion detector. (See 6.2 in Chapter 6.) To maintam high pulse 
count Imeartty, tube types using lmear:focused dynodes and smaller voltage:divider resistors should be used. 
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12.2.5 Life characteristics 


The life of electron multiplier tubes and pon detectors 1s usually affected by the gain, output current and 
operating pressure bevel. Two factors that cause gain detersorabon are: 


Ll. Sensitivity deterioration in the first dynode or conversion dynode by incident ions 
2. Contamination on the secondary emissive surface 


Figure 12:16 shows typical fe characteristics for electron multiplier tubes and pon detectors. This is the 
supoly voltage change required to maintain a preset gain (10°) measured with the amount of input ions amd 
wutput current kept constant. 
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Figure 12-16: Typical Ife characteristics for electron multiplier tubes and lon 





References in Chapter 12 


1) 3. Are: Pliet Seeciacopy, Jed Gein, Meee Chemistry Series 2, Tokyo Kapeee Daszin (os. Lod. 

2) ML. Teaches, ML Ofashi, T. Liao: New Daneclopmecn of Mase Sporinometn, lode Chemises, Eatra amber 
15, Tokws Kagaku Deen Co, Lol 

3) 6 T, Ueno, A. Hirarama, K.. Harada: Beokogical Mass Spesrometry, Molen Chenical, Extra Momber 31, Toke 
Kagaky Dogin (Op, Lad 

4) T. Akash, M. Takayaena ¥. Hashimdo, fal: What is mies epeciromein’. International Aculeme: Pring 
Ca,, Lad, 

3) 1K. Okuno, 1, Takayarna, ef al: Made Spectrometry Teaninology, Inemational Academic Printing Co,, Lad, 


MEMO 


CHAPTER 13 


ENVIRONMENTAL RESISTANCE 
AND RELIABILITY 





Photamuliniier tube characteristics, for example, sensiviry and 
dark current, are suscepinile to environmental condifions such ay am- 
Hien! temperdivre, Aumidity and magnetic fields. To obtain the fullest 
capahiines from a photomuliiplier tbe, if if necessary fo know how 
AWIFOnnenGl condinons affect the piotomulnolier tube and to take 
carrecnive action. Uiis chamer discusses these ports and also describes 
opernging siaauity over time and reiiabulity. 
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13.1 Effects of Ambient Temperature 


13.1.1 Temperature characteristics 


The pootomultiplier tube is more susceptible to ambient temperature than ordinary electronic components 
(such as resisiors and capacitors). Therefore im precision measurement, the photomultiplier tube must be 
openaied with bempersture control or comparative photometric techniques so that the effects of ambient iem 
perature are minimived. When performing temperature control, note that the interior of a photomultiplier tube 
1s 2 vacuum and that heat conducts through it very sheet. The photomultiplier tube should be left for ome hour 
ar longer until the photomuloplier tube reaches the same bevel as the ambient bemperatare and its characters 
thos become stable. 


(1) Sensitivity 


Temperature characteristics of anode sensitivity can be divided into those for cathode sensitreity (pho 
bocathode) and gain (dynede). Temperature characteristics for cathode sensitivity ae dependent on the 
wavelength. In general, the temperature coefficient of cathode sensitvity varies significantly from a mega 
tive value bo a postive value near the long wavelength lima. In contrast, bemperature characteristics of pain 
have virtually no dependence on wavelength of on supply voltage. Figure 13-1 shows temperature ooefhi 
cients of mayor photomultiplier tubes as a fonction of wavelengih. 
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Figure 13-1: Temperature coefticlents of piatamultipller tube photecathodes 


When 2 photomulopleer tube with a transmission mode photocathode is used at wery low temperatures, 
the subsequent increase in the photocathode surface resistance may cause a cathode current saturation 
effect, resulting in a Joss of outpui lmeanty with respect bo ihe mcident light level. This effect appears 
drastically with certain types of baalkali photocathodes, so care is required when using such photomulo 
plier tubes. 
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Figure 13.2 shows typical cathode saturation current versus temperatare for transmission type bialkali 
amd muultialkal photecathodes. 
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Figure 13-2: Cathode saturation current vs. temperature for transmission type photocathodes 


(2) Dark current 


AL photocathode consists of materials having small energy pap and electron affinity so that photoelec 
trons can be released efficiently. Thais means that dark current is very sensitive to the ambient temperature. 
In bow -light-level detection, this effect of tbe ambient temperature on the dark current 1s an important 
factor to consider. For example, cooling a photomultiplier tube is most effectve im reducing the dark 
current and improving the signal-to-noise ratio, especially for photomultiplier tubes woth high sensitrvity 
In the red io near infrared region. Conversely, using a phobomultiplier tube at a high temperature reduces 
the signal-to-noise ratio. [fa photomuloplier tebe must be operated at a high temperature, use of a special 
photocathode (So-Na-K) is recommended. Figure 17.3 shows dark cumrent versus temperature characters 
fics of the major photocathode types. For details on dark current, refer io 4.3.6 in Chapter 4_ 
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Figure 13-3: Anode dark current vs. tomperature 


13.1.2 High temperature photomultiplier tubes 


Although the guaranieed operating temperature range for general photomultiplier tubes is up to SOC, high 
temperature photomultiplier tubes can operate at high temperatures wp te 175°C. These tubes use a specially 
processed bialkall photocathode that exhibits very low dark current even at high temperatures. The mulipler 
section employs copper beryllium (Cube) dymodes designed and optmined for use at high temperatures. 


Typical characterisipcs for high temperature photomultiplier tubes are shown below. Anode dark current 
Versus temperature characteristics are plotied in Figure |3ed, anode output current change over ime at differ 
ent temperatures in Figure 13.5, gain and energy resolution (pulse height resolution or PER) versos tempera 
ture in Pigore 13-6, and plateau characteristics at different temperatures in Figure 12-7. 
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Figuré 13-4: Anode dark Current Ve. lempersiure 
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Figure 13-5: Anoda change over time at ditterent temperatures 
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Figure 13-6: Gain and anergy resolution vs. temperature 
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Figure 13-7: Plateay characteristics at different temperatures 
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13.1.3 Storage temperature and cooling precautions 


Photomulapler tube sensitivity vardes somewhat SLorage. even at room temperatures. This is prob 
ably due to the movement of alkali elements activating the photocathode and dynode surfaces. [f a photomul 
plier tube ts left at a high temperature, this sensittvity vanabon will be accelerated. [t 1s therefore recom 


Ass explained in secthon 17.1.1 (dark current), photomultiplier tubes using a photocathode with high red:to 
while sensitivity such as mulialkah, GaAs(Cs), InGaAs and AgeOk(Cs are often cooled dumng operaizon to 
reduce the dark current. In this case, the following precautions shoud be observed, otherwise the difference m 
thermal expansion coefficient between the photomultiplier tabe plass bulb, base and adhesive (epoxy resin) 
may cause bulb ruptare. 

L. Avoid using a photomultiplier tube with a plastic base when cooling to -20°C or below. 

2 Assemble a voltage-divider circuit on a PC board and connect of to the socket using thin, soft wires, so 
that excessive force is mot applied to the lead pins. 

a. Awoid subjecting a photomultiplier tube to drastic temperature chamees. 


13.2 Effects of Humidity 


13.2.1 Operating humidity 


Since the photomultiplier tube is operated at high voltages and handles very low current in the order of 
Micro bo picoamperes, leakage current between the lead pins may create a significant problem. This Jeakage 
Curent semetimes increases by several orders of magnatode due io a ise in the ambient Gumadity. I 1s advis 
abe that the photomuliqper tube be operated at a humidity bedre 60 percent. 


13.2.2 Storage humidity 


[fF a photomuloplier tube is left at a high bumodity for a Jong period of time, the following problems may 
occur: an increase in the leakage current om the bulb stem surface, contact failure due to mast formed on the 
lead pan surface amd, for UV glass. a loss of transmittance. The photomolioplier tube must therefore be stored 
In locations of bow humidity. Simce dirt on the photomultiplier tube surface may be a cause of increased 
leakage cutrent and nasi formabon on the leads, avoid touching the bulb stem, lead pins and especially around 
the anode pin of a plastic base wath bare hands. These portions must be kept clean bot, if they become con: 
taminated, use anhydrous alcohol for cleaning. 
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13.3 Effects of External Magnetic Fields 


13.3.1 Magnetic characteristics 


In photomultiplier tube operation, because beavenergy electrons travel alang a long path in a vacuum, their 
trajectories are affected by even a slight magnetic Meld soch as terrestrial magnetism, causing an anode sensi 
tivity variation. A”. prime reason for this sensitwity variation is that the edectron trajectories influenced by the 
magnetic felds cannot precisely focus the photoelectrons onto the first dynode. This means that photomuli 
iter tubes having a long distance between the photocathode and the first dynode or a small first-dynode 
Opening in comparison with the photocathode area are move vulmerabic to effects of a magnetic field. 


For most headson photomulipber tubes, the anode sensitivity will be reduced by as much as 50 percent by 
@ Magnetic Hux density of below 0.1] to several milliteslas. The sensitivity is most vulnerable bo 2 magnetic 
flux im the direction parallel io the photocathode surface (X axis). Sade-on pootomultipber tubes exhabat less 
Sensitivity vanations since the distance from the photocathode to the first dymode is short. The magnetic flux 
density at which the anode sensitivity reduces 50 percent is approximately 35 mailliteslas for 1-1/8 inch (248 
mm) side-on types. Metal-package type photomuloplier tubes (RTA00 serves) offer excellent immunity to 
magnetic fields because they have a short distance from the photocathode to the first dymode. Figure 13-5 
shoes the effects of magnetic fields on typical photomuliplier tubes. Also nobe that the higher the supply 
voltage to a photomultiplier tube, the bess the effects of magnetic fields. 
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Figure 13-8: Magnetic characteristics of typical photomultiplier tubes 


As can be seen foo Figure 13-8, photomolipber tubes are suscepbble io magnetic frelds_ [tis advisable 
that the photomultipber tube be used in locations where no magnetic source is present. In particular, avon 
using the pootomaltpler tube near seach devices as transformers and magnets. [f the photomuluplier tube 
must be operated in a magnetic Held, be sure io use a magnetic shield case. Reber to section 5.4 of Chapter 5 
for more details and specific usage of magnetic shield cases. 
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13.3.2 Photomultiplier tubes for use In highly magnetic fields 


Acs stated previously, normal photomulopler tubes exhibit a large variation in a magnetic field, for ex 
ample, sensitivity reduces at least one onder of magnitude in a magnetic Geld of 10 moliestas_ In high-energy 
Poysics applicabons, however, photomuliplier tubes capable of operating in a magnetic field of more than 
one tesla are demanded. To meet these demands, special photomultiplier tubes with fime-mesh dynodes have 
been developed and put into use. These photomuloiplier tobes include a “triode” type using a single stage 
dynode, a “betrode” type using a teo-stage dynode amd a high-gain type using mulople dynode stages (19 
stages). ’! The structure of this photomultiplier tube is illustrated in Figure 13-9. Figure 13-10 shoves current 
fain versus Magnetic fed perpendicular to the photocathode (tube axis) for a tetrode and triode types, and 
Telative output of a 19-stage photomultiplier tabe versus magnets field at different angles. 
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Figure 13-9: Structure of a photomultiplier tube designed for us In highly magnetic telds 
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Figure 13-70: Magnetle characteristics of photomultiplier tubes for highly magnetic tlelds (7) 
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Figure 13-10: Magnetic chars 


13.3.3 Magnetization 


The dynode substrate is commonly made from nickel with magnetic properties, and the photomultipber 
tube leads and electrodes are also made from simolar metals which can be magnetioed_ There will be no 
problem as long as the photemultiplier tube & operated in a weak magnetic field swch as from terrestrial 
magmoetsm. If the magnetic feld strength increases and exceeds the intial permeability of the dynode sub 
strate and electrode matenials, they will remain magnetized even after the magnetic field has been removed 
(residual magnetism). The gam after the magnetic feld has once been appleed will differ from that before the 
magnetic field is applied. If magnetined, they can be demagnmetized by applying an AC magnetic field to the 
Photomuloplier tabe and pradually attenuating it 


13.3.4 Photomultiplier tubes made of nonmagnetic materials 


In applications where a photomulbplier tobe must be used im 2 highly magnetic Geld or magnehizabon of 
the tube 1s onwanted, phodomulbplter tubes made of nonmagnetic materials are sometimes required. Hamamatsu 
Photonics offers photomultiplier tubes assemboed with mommapnetic materials for the dynode substrate. How 
ever, the stem pins and hermetically sealed portions still must be made from magnetic materials. 
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13.4 Vibration and Shock 


Resistance bo vibration amd shock can be categorized into two conditions: ome 1s under pon-operating 
oomdibons, for example, during transportation of storage and the other is under comditions when the tube is 
actually installed and operated in equipment. Except for special tubes designed for soch applications as rocket 
borne space research and geological surveys, photomulopleer tubes should mot be exposed to vibration and 
shock dunng operation. 


13.4.1 Resistance to vibration and shock during non-operation 


Phatomultiplier tubes are designed to withstand tens of m/s” of vibration and several thousand m/s” af 
shock. However, if excessive vibration and shock are applied to a photomultiplier tube, its characteristics may 
vary and the bulb envelope may Greak- 

In general, photomultipber tubes with a smaller sine, lighter weight and shorter overall length exhibit better 
Tesistance to vibration and shock. Even so, sufficient care must be exercised when handling. The following 
table shows the maximum vibration and shock values which photomultiplier tubes can withstand. 


Mama Shock (er 
2000 6 rs 
1040 {1 1m} 
100 (10 to 800 Hz} 1000 (11 ms} 
100011 
1-1/8 inch head-on 1000 (11 ma} 
750 (11 mg} 
750 (11 ms} 


The phofomulipier tube envelope is made of glass, so it is vulnerable to direct mechanical shock. Enve 
lopes with silica windows are especially vulnerable io shock on the bulb side because of a graded glass seal. 
Sufficient care must be taken in handling this type of tube. Furthermore, photomulopler tobes desigmed for 
iguad scintillation counting use a very thin faceplate that is 0.5 millimeters thick. Some of them may be 
broken even by a slight shock. Since the photomaltipleer tube 1s a vacuum tube, if the envelope is broken, 
Implosion may cause it io fly apart im fragments. Precagtions are required, especially in handling a large 
diameter tube of more than § inches (204 millimeters). 





13.4.2 Resistance to vibration and shock during operation (reso- 
nance} 


The photomultiplier tube is not normally designed to recerve vibration and shocks during operation, except 
for specially-designed mugeedized tubes. [f a photomultipber tube suffers vibrates of shocks during opera 
Hon, problems such as variations of ihe sigmal level amd an increase im the microphonic noise may oocur. 
Attention should be given bo the mounting method and arrangement of the tube. Moreover, the photomuli 
Puler tube may have a resonance af a certain frequency, bot this resonant frequency differs from tube to tube. 
[EP vthration 1s Increased at thas resonance, the above problems will be move noticeable, leading to the breakage 
of the envelope. Figure 13-11 shows the wanations in the frequency spectum of photomuliplier tube output 
subjected to vibration, along with the measurement block diagram. 
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Figure 13-11: Resonance nolse in the output signal of a photomultiplier tube subjected te vibration 


In this experiment, the photomultiplier tube is subjected to random vibration (1.4 Grms) from 2) Hz to 
2000 A= and tts output signal is frequency-analyzed using a PPT (fast founer bansform). [11s obvious from 
Figure 14-11 that the noise sharply increases at frequencies pear 0.5 kHz, 1.45 kHz and 1.4 kHz. 

When measurement 1s made at extremely low light levels, ewen a slight vibration caused by the table on 
which the equipment is placed may be a source of nose. Precautons should be taken to ensure the equipment 
15 installed securely and also the cable length to the preamplifier should be checked. 


13.4.3 Testing methods and conditions 


There are two vibration test methods” sinuscidalewave and random-wave applacation tests. In the first 
method, the sinusoidal wave used for vibration tests is determined by the frequency range, displacement 
(amplitude), acceleratvon, vibration duration and sweep time. The frequency sweep method commonly em 
Petre is a logamthmic sweep method. In the second method, the wave is determined by the accelera 
Gon, power spectram density (G°/Hz), and the vibration duration, and is expressed in terms of the RMS value. 
This method aloes tests to be perfoomed under conditions close to the actual environment. In Figures 13-12 
(A) and (B), vibration waveform examples created by sinusoidal wave and random wave are shown. 


(A): Sinusoldal wave vibratbon pattern example 
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(8) Random vibration pattern example 
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Figure 13-12: Vibration and shock pattern curves (1) 
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{C) Shock-application pattern (halt-wave sinusoidal pulse) 
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Figure 1312: Vibration and shock pattern curves (2) 


Wardous methods are used in shook jest; such as half-wave smmueoidal pulses, sawtooth wave pulses, and 
trapezoidal wave pulses. Hamamatsu Photonics performs shock tests using half-wave simuscidal pulses. The 
fest conditions are determined by the peak acceleration, shock duration, and the number of shocks applied. A 
typical shock-application pattem is shown in Figure 13-72 (0). 


Official standards for vibration and shock test methods include ITEC @D068, JTS C0040 (vibration), JIS 
C004] (shock), MIL STD-810E and MIL STD-202"' Hamamatsu Photonics performs the vibration and 
shock tests in conformance to these official standards. The above data for vibration and shock besis were 
measured under these official comdriions. For instance, the shock tests were carmnied aut along three orthogonal 
axes fora shock duration period of 1] milliseconds, three times each in the plus and minus directions, so that 
shocks were applied a toial of 18 times. Accordingly, even if the test proves that a photomuloplier tube 
withstands a shock of LO00 mys”, this does not mean that it will survive such shocks dozens or hundreds af 


lames... 
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13.4.4 Ruggedized photomultiplier tubes” 


In geological surveys such as onl well begging or in space research in which pootomuliplier tubes are 
launched in a rocket, extremely high resistance to vibration and shock is required”! To meet these applica 
ons, tuggedized photomuliplier tubes have been developed, which can operate reliably during pervods of 
200 mis” to 500 m/s” vibration and 1000 m/s* to }O000 m/s* shock. A variety of raggedized types are available 
Tanging in diameter from 1/2 to 2 mches (19 to 31 millimeters) are aleo available with different dynode 
structures. Most rogpedized photomultiplier tubes are based on conventional glass-envelope photomultiplier 
tubes, but feature improvements to their electrode supports, bead pins and dynode strocture so that they will 
withstand severe shock and vibration. These megeedized photomultiplier tobes have a diameter of 2 inches (51 
moUllimeters) or Jess, and can withstand vibratoons up io 300 mys". Tf even higher performance 1s required, 
specially :designed ruggedized pootomaltiplier tabes having a stacked ceramic bulb are used. Figure 13.13 
shows the crass sechon of this type of rugeedized photomultiplier tube. 
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Figure 13-13: Cross section of a ruggedized photomultiplier tube using a stacked ceramic bulb. 


Acs lustrated in Figure 13-9, each dywode electrode of this ruggedized photomultiplier tube 15 securely 
welded to a ceramic ring. This stmacture resists electocal discontinuity, contact failure and envelope mepture 
even under severe vibration and shock. This is because the dynodes resist deformation and peeling. No lead 
WIPES, C&THMC spacers or cathode contacts are required, and few fragile glass parts meed bo be wsed_ The 
volta geedivider resistors can be soldered on the quiside of the metal omgs whoch are fused to the ceramic mings, 
assuring high ruggedness even after the voltagesdivider circuit has been assembled on the tube. The typical 
Maximum vibration and shock for a )-3/8 inch (24 mm) stacked-ceramic photomultiplier tube using a high 
temperatare bialkali photocathode and a ]2estage dymode multiplier is as follows: 

Resistance to vibration 50 m/s° (50) to 2000 Hz) 
Resistance to shock 10000 m/s” (0.5 ms) 
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13.5 Effects of Helium Gas 


Tt is well known that helium gas permeates through glass.” The extent of helium permeation through glass 
depends on the glass materials, their composition and ambient temperature. Pootomulimpler tubes designed 
for UY light detection usually employ silica glass for the input windoe. Helm gas permeates through silica 
glass more than throwgh other window materials. So if such a photomultiplier tube ts sbored or operaied in 
environment where helium pas 15 present, a pas Micrease oocurs Inside the tube, leading io an increase in dark 
Curent and promoting a degradation of the breakdoven voltage level. This eventually results in breakdown and 
end of the tube service life. For exampie, df a photomultiplier tube with a silica bulb is placed im hedum gas at 
ane atmosphere, 2 drastic increase of afterpulse doe to belium gas will be seen in about ) minutes. This will 
Clust permanent damage to the tube and must be avoided. To reduce the effects of hewm 1b 1s best to use 
alternatives to belaum such as argon gas and nitrogen gas. 


Heliom gas exists on the earth af a partial pressure of about 0.5 Pa. As stated abowe, the penmeability of 
helium through silica glass is extremely high, as mochas 10" om’ /s (ata pressure difference of 1.013 * 10° 
Pa) at room temperatures. Because of this, the belom pressure inside ibe photomuloplier tobe gradually 
Increases and finally reaches a level close to the helm partial pressure in the abmosphere. The Ome needed to 
reach that lewe] depends on the surface area and thickness of the silica glass. Por instance, if a 1-1/8 inch (28 
mm) diameter side-on photomulteplier tobe with a sileca bold is Left in the atmosphere, the helm partial 
pressure inside the tube will increase ip 9X10 . Pa after one year. (Refer to igure 13-14.) 


HELIUM PARTIAL PRESSURE IN AIR: 5.300107" Pa 
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Figure 13-14: Bulb materials and variations In bellum partlal-pressure Inside a tube 
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13.6 Effects of Radiation 


Photomultiplier tube applications are constantly expanding, as stabed previous], to swch fields as high 
energy physics, mwoclear medicine, Moray Insbbumentation, and space research. In these environment, photo 
Touloiplier tubes are usually exposed to radimipon (Aorays, alpha rays, bela rays, gamuma mys, neutrons, ec.) 
which somewhat affect the performance characteristics of photomultiplier babes.’ For example, radiation 
causes detemoration of the glass envelope, metals, insulators, and matenals used io construct the photemuli 
Plier tube. 


13.6.1 Deterioration of window transmittance 


Even when a photomulapiier tube is exposed to radiation, the cathode sensitivity and secondary emission 
Tate exhibit very lithe varlaton. Sensitivity varniabon chiefly results from a loss of transmittance through the 
window due to coloring of the glass, which is an essential part of the photodetector. “! Figures 13-15 to 13-17 
show variations in the window transmittance when photomultiplier tubes are inradiated by gamma rays from 
a (Co radiation source and also by neutrons (14 MeV). 
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Figure 13-15: Transmittance change of silica window Wrradiated by gamma raysneuirons 
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Figure 13-16: Transmittance change of UV glass window irradiated by gamma raysineutrons 


252 CHAPTER 13 ESVIRONMENSTAL RESTS TASCE ANT! RELIABILITY 


BOROSILICATE GLAS WINDOY Gamma-ray. “Go 


= 


[) 1.4=10° Fi 


FELATIVE TRANSMITTANCE (2) 
o 8 a & 





& a Re 
e121 RR 
D344 
) eid F 
= 4010" F 
a 
etl 
10 
Q ’ a : 
WAWELERASTH [rr) 
Peat Aka 
BOROSILICATE GLASS WINDOW NELITAOH - 1idey 


acta! aac! 
7) 2 oorta™ eent 


RELATIVE TRANSMITTANCE ["%) 





WAVELENGTH {nm} 


Pee 9a Lag 


Figure 13-17: Transmittance change of borosilicate glass window irradiated by gamma rays'‘neutrans 


As can be seen from these figures showing the data on a synthetic silica, UV glass and borosilicate glass 
respectively, a loss of bbansmitiance ocours more moticeably im the UV regpon. The synthetic silica glass 
least affected by radiation and virtually no variabon is seen afber inmadiabon of gamma rays of 4.4 10’ roent 
gens and meutrons of | 43010! nom’. Ther: ane two types of silica glass: synthetic silica and fused silica. The 
synthetic silica exhibits a higher resistance to radiation than the fused silica. A loss of transmittance begins to 
accur from mear 5410 roenteens for the UV glass, and near 110" roenigens for the borosilicate glass. 
However, this tendency is not constant even for the same type of glass, because the composition differs de 
pending on the fabrication method. In general, the radiabon-resistance characteristic 1s best wath silica, fol 
lowed by LY glass and borosilcate glass. If the tramsmittance has dropped due to exposure io radiation, it will 
Tecaver bo some excbemt after storage. This recovery is more effective when the tube ts stored at higher tempera 
tures. 
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13.6.2 Glass scintillation 


The photomultiplier tube is slightly sensitive to radiaivon and produces a resultant nome. This is pomarily 
doe to unwanted scintillation of the glass window caused by beta and alpha rays, or scintillation of the glass 
window and electron emission from the photocathode amd dynodes caused by gamma rays and neutrons.” 





(CH these, the scumbllabon of the glass window likely has the largest contibatoon to noise, but the amount of 
sctllahon differs depending on the type of glass. (Glass scintillabon further causes a continual floorescence 
or phosphorescence i occur even after radiation has been removed, resulting in yet another source of noise. 
Figure 13-18 shows a vanatpon in the dark current when a tube & wradimied by rays, Indicating, that it 
takes 4) to 60 minutes to reach a steady level. In the case of neutron irradiation, it has been confirmed that the 
dynode matenals are made radioactive through noclear reaction (n, p) (n,n, pi. 
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Figure 13-18: Dark current variation atter exposure ta gamma ray 
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13.7 Effects of Atmosphere 


The photomultiplier tube may be used in environments nat only at one atmosphere (])X10° Pa) but also at 
very low pressures of in depressurized areas such as in aircraft or am artificial sabtellibe. 


When there 1s a pressure drop from the atmosphere pressure down to a near vacuum in outer space, there 
is a possibility of a discharge oocurring between the leads in the photomultiplier tube base. This phenomenon 
1s knoen as Paschen'’s Law. The law states that the mimimum sparking potential between two electrodes ina 
Bas 1s a function of the product of the distance between the electrodes and the gas pressure, if the elecboc Geld 
1s uniform and the amboent temperatare is constant 


The distance between the leads on the outside base and on the socket 1s set to an interval so that no dis- 
charge occurs In environments at ome abmosphere of in vacuum. However, these stroctures tend to discharge 
most frequently at pressures from 100 to LOO) Pa*. 1f the photomultiplier tube is to be operated in this pres 
sure Tange, suificient precautions must be taken in the design and woring of the parts bo which a high voltage 
1s appled. (* 133 Pa = | too.) 

Take the following precautions when using photomulbplier tubes in a vacuum. 

(1). After making sure that a sufficient vacuum level 1s obtained, apply high voltage to the twhe (gradually 
fram low io high voltage). 

(2) When the photomultiplier tube bas a plastic base, ot will take a long hme until the inside of the base is 
evacuated to a specified vacuum. Dnilling a small hole im the base is needed. 

(3). change from | to 0.) Pa may mecrease the dark cutrent and cause floctaahions in the signal output. 
Precaution must be taken bo maintain the optimal installabon conditions. 


In high-energy poysics applications such as proton decay expenment and nevinne observaton, pootomul 
tiplier tubes are sometimes operated while underwater or in the sea. In this case, a pressure higher than the 
atmospheric pressure 1s applied to the photomulitipler tube. The breaking pressure depends on the configura- 
tion, size and bulb material of the phodomuloplier twhe. [mn most cases, smaller tubes can withstand higher 
pressure. However, inch (20¢ mm) and 20-inch (4 mm) diameter photomultiplier twhes, specifically de 
veloped for high energy poysics experiments, have a hemispherial shape capable of withstanding a high 
pressure. Por example, #-inch (204 mm) diameter tubes can withstand up io 7 1 Pa and 2hinch (508 mm) 
diameter tubes up to 64 1(r Pa. 


As for the bulb materials, photomultiplier tubes using a silica bulb provide bower pressure-resisiance due to 
the graded seal. There are vardous shapes of input windows used for head-on photomultiplier tubes, including 
@ Plano-plano type (both the faceplate and photocathode are flat), a plamo-concave type (ihe faceplate ts flat 
but the photocathode i concave) and a comvex:concave type (the faceplate is convex bot the photocathode is 
concave). Compared to the plano-plano hype, the planc-comcave and convex:concave types offer higher pres 
sUTe-Tesishance. 
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13.8 Effects of External Electric Potential 


Gless scmbllabon occur by exposure to radioactwe rays oc LV light as explained in sectpon 17.62. It also 
occurs when a strong electric field is applied to the glass. These types of glass scnblabons vill cause the dark 


Curent io increase. 


13.8.1 Experiment 


Figure 13-19 shows the dark current variations of a photomultiplier tube whose side bulb is coated with 
conductive paint measured while changing the electric potential of this conductive coating with respect t the 
cathode potential. 
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Figure 13-19: Dark current vs. extemal electric potential 


fis clear that the larger the potential difference with respect to the cathode, the higher the dark current. The 
Temon for this effect is that the inner surface of the bulb near the cathode is aluminum-coated and maintained. 
at the cathode potential, and if the owteide of the Gulb has a large potential difference with respect to the 
calhode, scintillation will occur in the glass beteecen the two surfaces. This scintillation light wall reflect into 
the photocathode, causing an Increase in the dark current. 
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The housing for photomultiplier tubes is usaally made of metal and 1s. grounded. This means that a proonded 
conductive material is around the photomultiplier tobe and may cause the dark current to Increase. This peob 
lem can be solved by allowing an adequate distance between the pootomuliplier tube and the inside of the 
housing. Figure 13-20 shows the dark current variations while the distance between the photomultiplier tube 
and the grounded case is changed, proving that there 1s no increase in the dark current when the separation is 
4 mullimeters or more. 
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Figure 13-20: Dark current vs. distance to grounded case 
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13.8.2 Taking corrective action 


The above effects of external electric poiential can be eliminated by use of the cathode grounding scheme 
with the anode at a positive high voltage, but photomultiplier tubes are frequently operaied in the anode 
prounding scheme with the cathode af a negative high voltage. In this case, a technique of applying a conduc 
tive paint around the outside of the balb and connecting it to the cathode potential can be used, as Wustrated m 
Figure 13-21. 
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Figure 13-271: HA coating 
Thas bechnaque 1 called “ALA coating” by Hamamatsu Photomecs and, since a meget bigh vollage 15 applsed 


to the wataide of the bulb, the whole bulb is covered with an insulaing cover (beal-shrinkable tube) for safety. 
The nase problem caused by the summaunding elecine potenual can be maonomized by use of an HA comtine. 
Even so, In cases where a metal foul al eround potential is wrapped around the tube as shown in Figure 13-22, 
Tne amaunis of mose may sll accor. This noise 1s prvbably caused by a small discharge whoch may some- 
limes oo¢ur due bo dselecine breakidkven in the msulating cover, which then produces a glass scontillabon 
Teaching the photocathexde. Therelore, when using the photomuliupler twhe with 4 pegatiwes hich voltage, do not 
aliew the metal case or housing bo make contact wilh the tube ewen if ut 1 an HA coating ippe. 
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Figure 13-22: Observing the ettect of extemal electric potential on HA coating 


As menboned above, the HLA coating can be effectively used fo eomimate the effects of extemal potential on 
the side of the bolb. However, if a grounded conductive object i located on the photocathode faceplate, there 
are mo-effective countermeasures and what is worse, glass scintillation oocurring im the faceplate has a larger 
influence on the noise. Agy grounded object, even insulating materials, should not make contact with the 
faceplate. [f such an obpect must make contact with the faceplate, use teflon of similar materials with high 
Insulating properties. Another point to be observed is that a grounded object located on the faceplate can cause 
not only a moise increase but also detemorabon of the photocathode sensitivity. Qoce deteriorated, the sensity 
ify will never recover bo the origmal level. Take precautions for ihe mounting method of the photomulipler 
tube, so that no object makes contact with the photocathode faceplate and penpheral portions. 


Taking account of the above, operating the photomulopiier tube in the cathode grounding scheme with the 
anode at a positive high voltage is recommended if possible. 
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13.9 Heliability 





13.9.1 Stability over time (life characteristic) 


Stability over time of a photomultiplier tube exhibits a somewhat specific patiern acconling to the type af 
Pootecathode and the dynode materials, but greatly depends on the operating conditions (especially on the 
auiput current) and the fabrication process. Also, stability over Ome widely varies from tobe to tobe even 
within the same tobe family. in normal operation, the caihode current flawing through the photocathode is on 
the order of picoamperes, and the phoiocathode fatigue can virtually be igmored. According]y, the operating 
stability of the dynodes is an Important factor that largely affects the stability aver Ome of the photomulipoer 
tube. Figure 13.23 shows typical data for me stability when photomultiplier tubes are operated 
under harsh conditions at an anode cucrent of 100) wA. 


TEST CONDITIONS 
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INTL CURRENT: 100 eA 
LIGHT SOURCE: TJINGSTEN LAMF 
TEMPERATLAE: 3. 
NUMBER OF $aMPLES: 10 
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Figure 13-23: Stability over time 
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13.9.2 Current stress and stability 

As menboned in the preceding section, time stability of a photomuloplier tube varies with the operating 
oomdibons. In pemeral, the larger the current stress, the earlier and more signiGcant the variatoon that occurs. 
Typoical stress on photomultiplier tube anode current is shoen in Figure 12-24. 
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SUPPLY VOLTAGE: STANDARD SUPPLY VOLTAGE 
TEMPERATURE: 25 °C. 
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Figure 13-24: Current stress on photorultiplies tubes (at ditterent anode currents) 


Figure 13-25 shows typical ime stability of photomultiplier tubes when their operating anode currents Ip 
are sei fo], 10 and 100 microamperes, indicating both increasing and decreasing pattems. 
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(2) EXAMPLES OF DEGHEASE PATTERN 
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Figure 13-25: Typical time stability of photomultiplier tubes (at different anode curnents) 
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Stabality over time can be improved to some extent by aging the tube. Figure 12-26 shows the mitial output 
variations when a photomultiplier tube is intermittently operated. [1 1s obvious from the figure that a large 
variation during the initial operabon can be redeced to nearly half, during the second of later operations. 

When the photomultiplier tube ts left unused for bong periods of time, stability will return 60 its original 
Values. In apolacabons where high stability is prerequisite, we recommend the tube be aged before use. 
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Figure 13-26: Etfects of Intermittent operation (aging effect) 
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13.9.3 Reliability 


Photomultiplier tube apolications are constantly expanding te such fields as scmiillaijon counting, high 
energy physics, nuclear medicine, Aoray apolied instrumentation, and wzerospace fields. In these applicabon 
fields, a large sumber of photomultiplier tobes (sometimes hundreds or occasionally even thousands of tubes) 
ane used In one instrument. In these applications, predicting and venfying the pootomultiplier tobe reliability 
are very Emporiant 


(1) Fallure mode 


Failure mode for phoiomultiplier tubes is roughly classifed into pradual failure and breakdown failure. 
The main failure mode 1s gradual failure, which includes cathode sensitivity degradation, 2 loss of gain, an 
Increase in dark current and a decrease in dielectric resistance. Breakdown failure imclodes cracks im the 
faceplate, bulb envelope and stem portion, and also air leakage through microscopic cracks. Breakdoan 
failure fatally damages the phofomoltipler tube, making tt permanently unusable. 

since Hamamatsu photomultiplier tubes undergo stringent screening both in the manufacturing and 
mspechon process, most possible failures and thea causes are eliminated before shipping. sis a result of im 
bose peliabalaty tests, we have found most of the failure mode causes lie im a loss (or vanaton) of gain. 
This means that the photomultiplier tube cam shill be properly used by adjusting the operating voltage. 


(2) Fallure rate 

Failure rate!!!" is defined as the probability of failure per unit time. Failure rate is generally estimated 
by using the following two kinds of data: 

Ll. In:house reliabality test data 

2. Field data 

Actual resulis obtained from field data prove that ihe photomultiplier tube failure rate is ata level of 
210" to 210" failures/hour with operating comdibens at room temperatures, a rabed supply woltage and 
an anode output corrent of 100 manoamperes. [n particulars, it & predicted that those tubes which have 
undergone screening provide 2 failure rate as small as S100 failures/bour. 


(3) Mean lite 

There is a measure of reliability which is commonly referred to as MTBF!’ **! (mean time between 
failure) of MTTE (mean time to failure). Stated simply, this is the average hours of time until any failure 
Occurs of, In other words, mean lite. 

Since the definitions and fundamental calculahons of these terms are described in detail in various. 
papers, this sechon only briefly explains these terms. 

The relation between the failore rate (4) and the mean Life (7) can be expressed on the assumption that 
it has failure distribution im accordance with exponential distribution, as follows: |!” 

Bolsa 
Therefore, the reciprocal of the failure rate is the mean Life. 


AS a0 example, when 2 photomultipuer tobe is operated in room environments with the anode output 
current of about 10) nanoamperes, 2 mean life of 310° to SM10" hours can be Predicted based on the 
Failure rate explained above. For those tube whoch have passed screening, the mean life would be more 
than 2X10" hours. 
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(4) Retlabillty 
Based on the fundamental calculation for stability data, reliability R is defined as follows." 
Rithee" 
© operating time in hours 


A: faalure rate 


Therefore, using a typical failure rate © of photomultiplier tabes of 210 "to 2210" failures#hours, 
reability K becomes as follows: 


4 years (26280 hours) 
4 years (35040 hours) 
4 years (#3800 hours} 





The above results can be used as a reference in determining reliability Jevels of photomuliplier tubes, 
and prove that the photomultiplier tobe provides considerably high reliability lewels when operated under 
Favorable comdiions. 
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13.9.4 Reliability tests and criteria used by Hamamatsu Photonics 


Hamamatsu Photonics performs in-house reliability tests by setting the followime test conditions and fail: 
ure criberna to obtaim the failure rate. 


Reliability test conditions 
1) Exvaroomental stress conditions 
Room temperature (25°C) amd high temperature (55°(") (°C above the maximum rating) 
2) Test procedures 
Shoge and operating life 
3) Operating conditions (photomulipier tubes) 
Supoly voltage: catalog-lsted standard operating voltage, }000 to L250 'V 
Anode output curent catalog: sted maximum rating, 10 bo 100 pr 
Failure criteria 
1) Anode sensitreity Judged as the end of Life: £300% variation 
2) Amode sensitaty durnng nonmoperatvon (storage): +25% variation 
3) Cathode sensitraty: £25% variation 
4) Amode dark current (DC): more than 300 times increase, faulty djelectric-resistance 
5) Breakdoen failure: discharge. crack, anode leakage current, etc. 
Notice that the abowe criteria are specified by Hamamatsu Photonics for evaluation amd do not necessarily 


indicate that a twhe ouiside these standards 1s unusable. 


Hamamatsu Pootonocs has continually performed reliability tests under the above conditions over extended 
pernods of hme and has collected large amounts of data. Our evaluation results show that the failure rate of 
photomultiptier tubes ranges from 1X10" to 110° failures/hour amd the mean time is from 1000 wp to 1ODOD 
hours. Based on these results, the ratio of the failure rate at room temperatures and an anode qutput current of 
100 manoamperes, to the failure rate under operating conditions af a maximum rating temperature and current 
(50°C | 1) to 100 microamperes) will be approximately 400 times. This means that our in-house test condi 
ons have an accelerabon factor approximately 400 omes that of the field data 
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CHAPTER 14 


APPLICATIONS 





Prhotamulipiier tubes (PMTs) are extensively wied as photodetec- 
fors In fields such as chemical analysis, medical diagnasis, scenic 
research and industrial measurement. This chapter infraduces major 
appiicannis of photomultiplier tubes and describes the principle and 
detection methods for each application. 
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14.1 Spectrophotometry 


14.1.1 Overview 


Spectrophotometry 1s a study of ihe transmission and reflection properties of maienal samples as a func 
thon of wavelength, but the term commonly means chemical analysis of vartous substances ublizing photom 
etry. Photometric Instruments ued in this Held are broadly divided inte two methods. One utilines light ab 
sorption, reflection or polarization at specific wavelengths and the other uses external energy to excite a 
sample and measures the subsequent light emission. Photonultiplier tobes have been most widely used m this 
field for years. Major principles used im spectrophotometry are classified as illustrated in Figure 14-1] below. 
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Figure 14-1: Major principles of spectrophotometry 


Specific photometric instruments currently used are: 


1) Visible to UY spectrophotometers (absorption, reflection) 
2) lnfrared spectrophotometers (absorption, reflection) 

4) Far UV spectrophotometers (absorption, reflection) 

4) Emission specbophotometers. 

5) Fluorescence spectrophotometers. 

&) Atomic absorption spectrophotometers 

Th Azimuthal, circular dichmmism meters 
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14.1.2 Specific applications 


The following paragrapos explain specific major applicabons of spectrophotometers, dreaded into two meth 
ods ublizing ab pbon of emission. 


(1) UY, visible and infrared spectrophotometers 


When light passes through a substance, the light eneqgy causes changes im the electronic state of the 
substance (electron transiien) or induces characteristic vibraton of the movecules, resulting in a loss of 


Partial energy. This is referred to as absorpion, and quantitative analysis can be performed by measuring 
the extent of absorption. 


The principle and simplified block diagram | of a spectrophotometer are shown in Figure 14-2. 
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Figure 4-2: Principle and black diagram of 4 spectrophotameter 


There are various opbcal systems in use today for spectrophab 





eters. Figure 14-3 ilosirates the opt 


cal system of a spectrophobometer using light sources that cover from the ultraviolet to visthle and near 
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Figure 14-3: Optical system of a UV, visible to near IF spectrophotometer 
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(2) Atomic absorption spectrophotometers 


The atomic absorption spectrophotometer employs special light sources (hollow cathode lamps) con 
structed for the particular target elements io be analyzed. A sample is dissolved in solvent amd burned to 
abomize it and light from a specific hollow cathode lamp is passed through the flame. The amount of light 
that is absorbed is proportional to the concentration of the sample material. Therefore, by comparing the 
extent of absorption beteveen the sample to be analyzed and a standard samp measured in advance, it 
possible to find the concentration of a specific element in the sample. A typical optical system” used for 
abombo abwapbon spectrophodometers is shoen in Figure |ded_ 
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Figure 14-4: Optical system used In atomic absorption spectrophotometers 


(3) Atomic emission spectrophotometers 
When external eneqgy 1s applied to a sample, light is emitted from the sample. Dispersing ths emasion 
Using a meoechromator, into characteristic spectral bmes of element and measuring their presence and 
intensity simultaneously, allows. rapid qualitative amd quantitative analysis of the elements contaimed im the 
mame. Figure 14.5 ilostrates the schematic ch agram” of 2 photeelechic emission spectrophatometer in 
which multiple photomultiplier tubes are used. 
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Figure 14-5: Block diagram Mlusirating a photoelectric emission spectrophotometer 
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(4) Fluorospectrophotometers 


The fluorospectrophotometer is mainly used for chemical analysts in biochemistry, especially in mo 
lecular biclogy. When a substance is iluminated and excited by visable or ultraviolet light, it may emit 
light with a wavelength longer than the excttabon light. This light emission is known as fluorescence amd 
its emission process” is shown in Figure 14-6. Measuring the fluorescent intensity and spectra allaws 
quantitative and qualitative analysis of the elements contained in the substance. 
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Figure 14-6: Fluorescent molecular energy levets 


Figure 14-7 shows the stracture™ of a flaorospectrophotometer using photomultiplier tubes as the detec- 
bors. This instrument roughly consists of a light source, excitation monochremaiog, fluorescence mono 
chremator and fluorescence detector. A xenon lamp is commonly used as the light source because if pro 
wides 2 Conus spectnum output over a wide spectral range. The excitation and fluorescence monochro: 
mabors use the same diffraction grating of prism as used in general-purpose monochromators. 
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Figure 14-7: FlLorospecirophotometer structure 
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14.2 Medical Equipment 


14.2.1 PET (Positron Emission Tomography) 


In addition to gamma cameras and SPECT described im the next subsection, much attention has recently 
been focused on positron emission tomography (PET) as am application of nuclear medical diagnosis using 
Pootomultipber tubes. This section explains specific examples of PET. The schematic diagram of a PET 
scanner 1s shown im Figure 14:8 and the external view im Figure 14.9. 





Figure 14-8: Concept view of a PET scanner 


When a positron released from radioactive tracers injected Inte body 

annihilates with an electron, two gamma-ray photons of 511 keV are 

emitted In apposite directions. These gamma-rays are simultaneously 
i by the PMT array. 
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Figure 14-9: External view of a whole-body PET scanner (Hamamatsu Photonics SHA-S2000) 


PET provides tomographic images of a lwing body in the actrve state and allows early diagmosis of lessons 
and tumors by injecting pharmaceuticals labeled with positron-emitting radioisotope inte the body and mea- 
suring their concentrations. Typical positran-emitting radioisotopes used in PET are ‘'C, ON. O and |"F. 

When positrons are emitbed within the body, they combine with the electrons in the meighboring tissues, 
Teleasing a pair of gamma-rays at 180 degrees opposite each other. Multiple rings of detectors surrounding the 
subject detect and measure these parma rays by the comcidence technique. By arranging the acquired bansaxial 
data at each angle, the PET scanner then creates a tomographic image by image reconstruction in the same 
way as Aeray computed tomography (X-ray CTI. 
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A. prime feature of PET is that quantitative measurement of physiological or biochemical information such 
as metabolism, blood flow and neural transmission within the body can be performed. PET has been chiefly 
used im research and study on brain functions and other organ mechamemes. Currently, PET is being put to 
active use in medical diagnosis, proving effective in diagnosing cancer. 

A detector used in PET consists of a compact photomultiplier coupled to a scontillabor. To efficiently detect 
fommacmys of high energy (3) lke) released from imeside the body, scintillators with high stopping power 
VERSUS parumaerays such as Be and LAO crystals are commonly used. 


Acuther type of measurement technique is mow being studied, which utilizes the TOP (ome-of: fight) of 
famima-tays generated by postiran annihilation. This measurement uses high-speed phobomultiplier tubes 
and scintillators with a short emission decay. 





Numbers separated by a slash () indicate there are bwo emission components. 
Table 14-1: Char 





erisies of major scinilllators 


PET scanners for animals are used in applications such as animal experiments for research that camnot be 
done easily with humans, such as developing new medicines and evaluating the pharmacological effects of 
drags. Small laboratory animals such as mice and rats, and monkeys or baboons are usually used with PET 


Because these animals’ organs are relatively small, PET scanners must provide high resolution. The 
Hamamatsu Paotonics model SHR-7700 is a high resolution PET scanner dedicated to animal studies. It 
employs a large gumber of scintillation detectors, each consisting of a postion sensitive photomultiplier tube 
combined with 32 BGO scimtillators. Since a total of 240 photomultiplier tubes are used in ane PET scanner, 
TAS) BG scimblators are needed. 


The SHE: 7700 has an effective Geld of view of 730%114 millimeters and a center resolution of 2.4 milli 
Toeters. An extemal view of the SHR: 7700 1s. shown im Figure 14.10. 





Figure 14-10: Hamamatsu Photonics SHAR-7700 PET scanner tor animals 
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The detector ring and scintillation detector used in the SHR: 770) are ilostrated in Figure 14-11. 
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Figure 14-11: Crass section of SHA-7700 detector ring and scimillation detector 


Figure 14.12 shows mmages of oxygen metabolic actvity ma monkey brain, observed by the SHR: TTOD. 





Figure 14-12: Images of oxygen metabolic activity in a monkey braln (posiiran imaging) 
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14.2.2 Gamma cameras 


[maging equipment ollizing a radioactive isotope (R]) frst appeared as a scintillaboen scanner before un 
derpoing SUCCESSIVE Improvements leading bo the currently used gamma camera developed by Anger (U.5.4..). 
Recently, even more sophisticated equipment called SPECT (single photon emission computed tomography}, 
which utilizes the principle of the gamma camera, has been developed and is now coming inbo wide use. An 
extemal view of a gamma camera is shown im Figure 14.13. 


PRIT 











a 


(p. 







tap ole 


Figure 14-13: External view of @ pAamma camera 


Figure 14-4 shows sectional views of a detector wed in gamma cameras, in which dogens of photemuli 
Puler tubes are installed in a honeycomb arrangement. Each phodomultiplier tobe & coupled, via a light-guide, 
to a large-diameter scimbllator made from a thallumeactrvated sodium-podide (Nal(T1)) scintillator, serving as 
a famaTay detector. 
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Figuré 14-14! Sectional views of & detector used In famma cameras 
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To make gamma cameras more effective for medical diagnosis, a variety of gamma-tay nuclide drugs have 
been developed. Improvements in the position processing circuit have also achieved higher resolution, mak 
Ing fama caMmems more popular in medical diagnosis. Major nuclides used for nuclear medical imaging are 
listed in Table 14.2. 


Recently, a SPECT equipped with teo or three camera heads 1s often used to improve sensitivity. 
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Values in parentheses | ) indicate siripping afficiancy, 
Table 14-2: Major nuclides used for nuclear medical imaging 


14.2.3 Planar imaging device 


A planar imaging device 1s designed to captore fwo- dimensional images using positron-emitiing muclides 
and a parr of radiation detectors composed of a positon sensitive photomaltipler tube coupled te a scinhilla 
tor array. The pai of debeciog units are arranged so that they face each other and am object to be measured is 
Placed between them. Two-dimensponal omages of 2 positroneemiting moclide tracer injected info the swhypect 
and their changes over me can be observed. 


When a living plant or a small bving animal ts placed between the two detector units, ihe achvity of 
substances within its body can be measured as twoedimensional images at nearly real-time. Positron-emitting 
nuclides such as | C, "7 and "0 are major elements that constituie a living body and are also the basic 
substances used for organic synthesis. This makes it posable tio use many kinds of pharmaceuhcal compounds 
labeled with positron-emitting nuclides. (Example: ''OOp, 'C. methionine, “NH:+, “NOs-, “"O. water, etc.) 

When 2 positron-emitting nuclide with a short half-life period 1s used, for example tye (20) munutes }, a 
(10 minutes) or (2 minutes), measurements can be repeated using the same individual. This allaws mea 
sutement of changes in a day or measurement under byo or more different conditions while eliminating errors 
that may be caused by indwidual differences. 

Since annihilation gammacrays (311 keV) are sed for imaging, self-absorphon within the obpect being 
measured can be almost ignored, allowing accurate measurement of the disbibotion of substances in a plant ar 
small animal. Compared to medical PET scanners, the planar imaging device can obtain images with a higher 
sipmal-bo-moise ratio and spatial resolution because the image generation technique is simple. 

Unlike tomographic PET images, when the object being measured 1s relatrvely thim, tt 15 easter to visually 
Tecognioe the gmape since the image obtained is a (pseudo:) projected image. 
The biock diagram and extemal view of a planar imaging device are shown in Figure 14-15. 
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Figuré 14-15: Block diagram and extennial view of 8 planar imaging device 


14.2.4 A-ray Image diagnostic equipment 


XGTay Image diagnostic equipment is used in routine examinations at many medical clinics amd facili- 
ties. Phofdomuloplier tubes are used in many types of Aoray examination apparatus bo monitor ihe A-ray 
exposure ime of dose. With the recent bend toward filmless X-ray imaging systems, photomultiplier tubes. 
have alec been widely used in detectors that read out M-ray images formed on a special phosphor plate 
instead of X-ray films. 


(1) &-ray phototimer 


The X-ray phototimer aabomatically controls the ray film exposure in X-ray examinations. The X- 
rays bansmuttime through a subject are converted into visible light by a phosphor screen. A pootomulbpuer 
tube is used bo detect this light and provide an electrical signal. When the accumulated electrical signal 
reaches a preset bevel, the Moray inmadiahon 1s shut off to obtam an optimum film density. 
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Figure 14-16: X-ray photetimer 
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(2) Computed radiography (CR) 

AcrLy image diagnosis systems also includes computed radiography equipment using a special 
PHotostimulable phosphor plate. In this equipment, an Xeray image is temporan)y accumulated on the 
Phosphor plate and a laser beam then scans (excites) the Image formed on the phosphor plaice. cawsing 
‘wisible Gght to be emitted according io the amount of accumulated Merays. A photomultiplier tobe is. then 
used bo covert this weak visible light into electrical signals which are then digitally processed t recon 


Computed radiography has several advantages over conventional techniques using X-ray films. It offers 
a shor pmaxping time, less Imaging errors, and digatal image processing and data amalysis that permit high 
density storage and simple retneval of image data. These useful features have Jed to tts widespread used in 
the world 
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Figure 14-17: X-ray acquisition using photos 
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14.2.5 In-vitro assay 


The analysis and inspection of blood of urine samples colected ot of 2 leing body 1s referred to as Inevitro 
assay. Ttas used for physical checkups, diagnosis, and evaluation of drag potency. The in-vitro assay can be 
classibed as shown in Table 14-3_ Among these, the concentrations of most tumor markers, hormones, drags 
and viruses classified under immunological assay are exceeding!/y low. Detecting these items requires ex 
tremely high-sensitivity inspection equipment that mostly must ase photomultiplier tubes. 


Sample inspection Biechemisiry 
Erizyite, protein, sugar, lipid 
mira rea bgy 
Tumor marker, 59°um protein, honmone, reagent, virus 


(Leukocyte, red coruscde, hamaglobin, platelet) 


Badieria entificaiion, auéceptibility 





Immunoassay, a measurement technaque that reloes on the specificity of the anhigen-antbody reaction 
widely used. The principles of immunoassay” are illustrated in Figure 14-18 amd the procedures of each 
Toethod are explained in the subsequent paragraphs. 
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Figure 14-18: Principles of immunoassay 


Figure 14.13 (a) ts a bechoique known as the sandwich method. Step (1): Samples are introduced into a 
vessel in which antibodies responding to object antigens (hormones, tamor markers, cfc.) are fixed (solid 
Phase anhibody). Step (2: Anigen-antibody reaction occurs and each object antigen combines wath a solid 
Phase antibody. This reaction has an extremely high singularity and hardly ewer oocurs with a different ant 
Ben. After antigen-antibody reacthon, the tiguid layer is removed leaving the combined antigen and antibody. 
Step (3): Labeled antibodies are added, which combine with object antigens. Step (4): Antigen-antibody 
Teaction occurs again £0 that the abject anbgen is sandwiched between the antibodies. The liquid layer is then 
removed. Step (5): The quantity of labels is optically measured using a photomulbplier tube. 


Figure 14.18 (hb) shows another technique called the competitive method. Step (1): Antibodies responding 
to object antigens are fixed on the bottom of a vessel. Step (2): Samples are added along with the labeled 
mbject antigens. Step (7)- Competitive reaction occurs in which object antigens and labeled antigens combine 
with labeled antibodies in proportional io their conmcentrabon, reaching a state of equilibrium. “After ihe anti: 
Ben-antibody reachon, the unnecessary wpper layer is removed. Siep (4c The quantity of labels is measured 
using a Phatomultiplier tube. In ihe sandwich method, the higher the concentration of object antigens, the 
larger the signal. Conversely, in the competitive method, the higher the concentration of the object antigens, 
the lower the sigmal_ 

Tmmunoassay can be farther cabeporized according to the material used for labeling as follows 


(1) Using radioactive isotopes for labeling 
.-. RA (Radioommunoessay | 
(2) Using enzymes for labeling 
.-.. BLA (Enzymeimmunoassay) 


(1) RIA (Radisimmuncassay) method 
Radioactive isobope (RD is used for the labeling as was explained above, and radiation (gamma or beta 
rays) emitting from the RI labels is detected by the combination of a scintillator and 2 photomultiplier tube, 
mi? that the obpect antigen can be quantitatively measured. Radioactive isotopes most frequently used for 
labeling are “H, 9C, 'Co, “Se, “and "1 (See Table 14-4)" Of these, "1 offers useful characteristics 
for labeling and is very widely used. Because radioactive isotopes other than “H and ‘°C emit gamma rays, 
aod bodide crystals are used as a scintillator to provide a high conversion efficiency. 


Halle 
12.26 yoars Liquid scintifation 
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Table 14-4: Aadioactive isotopes used tor labeling in radioimmunoassay 


Recently, in in-vitro assays, the quantity of samples and the momber of tbems bo be measured are rapadly 
Increasing. To keep pace with this trend, equipment for radioimmunoassay has been aubomatbed. A. typocal 
piece of aatomated equipment in use today is the well scintillation counter” that makes use of sodium 
todide scintillators having a well-like bole to enhance the conversion efictency of the radiabon inte light. 
Measurements are made by automatically inserting best tubes, which contain a mixture of antigens amd 
anbbodies Including labels, into each hole in the scintillator. (See Figure 14-19.) Each detector sechon 
Including a scintillator is covered by lead shield to block extraneous radiabhon. 
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Figure 14-19: Schematic block diagram illustrating a well scintillation counter 


(2) Luminescent / fluorescent Immunoassay 


Non radioactive immunoassay techniques called "ELA (Enzymennmunoassay) thai do not rely on ra 
diotsobopes are curently under research and development. 


Ome of these is fluorescent immunoassay or fluoronmmunoassay in whock a fluorescent substance is 
used for labeling. The final remaining mixture of antigens and antibodies is inmadiated by an excitation 
light and the resulting fluorescence 1s measured with regard to the intensity, wavelength shift and polanza 
Hon. This technique offers slightly higher sensitivity than that of ELA. Figure 14-20 shows the schematic 
drawing of an immunoreaction Measurement system used for fucrmmmmunoassay. 
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Figure 14-20: Schematic layout of a tluoaresoent immunoreaction measurement system 


To achieve high sensitivity equal to RIA by using non-radinactirve Immunoassay, Inbenstve research and 
development of emissthon-immunoassay has been cared out. This immunoassay uses a chemiluminous 
wUbstance of hialumimous substance for labeling and allows the nal remaining mixture of antigens and 
antibodies bo emit ght, which is detected by a photomuloplier tube. There are three types of emission 
Lmmunoassay methods, as follows: 


lL) Use of a chemlominoos substance seach as luminol and scridimium for labeling 
2) Use of chemiluminescence of beoluminescence for actvabon of the label encyme used im ELA 
2) Use of a catalyst for the booluminescence reaction 


Methods 2) and 3) cam be thought of as vamatons of ELA techniques. Luminescent immunoassay has 
wery high senstireity equivalent io the measurable concentration ranges of RIA. 
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(3) Chemiluminescent immunoassay 


al 


Chemiluminescent mmmunoassay has several merits such as high senstivity, wide dynamic range, and 
simple measurement without wsing detection antipens and special facilites which are usually needed by 


Pd oIMMunNoASsay. 


When enzymes are added to antibodies of antigens labeled with a luminescent reagent, a chemical 
reaction oocurs. Light emission accompanying the reaction 1s detected by a photomulbplier tube. 


LUMINESCENT REAGENT 
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Figuré 14-27: Principle of chemiluminescent immunoassay 
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14.3 Biotechnology 


14.3.1 Overview 


In Gfe science applications, photomultiplier babes are mainly used for detecting floorescence amd scattered 


light. Major equipment used for life science Includes cell sorters, fluorometers and DNA. sequencers. 


14.3.2 Application examples 


(1) Flow cytometers 


When light is wradiated onto a rapidly flowing solution which contains cells of chromosomes, a scat 
bened light or Qworescence 1s released from the cells or chromosomes. By analyzing this scattered light or 
fluorescence, if is possible to elucidate cell properties and structures amd separate the cells based on these 
Properties. This field is knoen as flow cytometry. In this field, a flow cytometer like the one illustrated m 
Figure [4.22 1s most frequently used. The flow cytometer is an instrument that selects and collects only 
specie cells labeled by a fluorescent substance from a mixture of cells in a solution. 





| FLOW CELLS 
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Figure 14-22: Major components af a thow cytometer 
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In a cell sorier, a floorescent probe 1s. first attached bo the cells. The cells pass through a thin tube at a 
fixed velocity. When each cell passes through a small area onto which an intense laser beam is focused, the 
fluorescence is emitted from the cell and is detected by a photomulopler tobe. The photomalinplier tube 
outputs an electical signal in proportion to the gsumber of floorescent molecules attached bo each cell. At 
the same tome, the laser beam light 1s scattered forward by the cell, and detecting this scattered Oght yields 
information on the cell volume. After processing these two stigmals, the cell sorter creates an electrical 
Pulse that deflects a drop of liguid, containing the desired cell into ome of the collection tubes. 


(2) Confocal laser microscopes 


The confocal laser microscope acquires 2 and d-dimensponal fluorescent images of a sample labeled 
with fluorescent dve by scamming the sample surface with a laser. The laser scans an extremely tiny spot bo 
obtain high-resolution images by means of confocal function. (See Figure 14-23.) A biological sample 
stained with flucarescent dye and placed beneath the microscope is scanned by an excitation laser beam. 
namowed to a very small sie equal io the bght wavelength, and by moving the sample stage wp or down, 
only the fluorescence from sectvons matching the foous point passes through the ponbove and is detected by 
a photomultiplier tube. The evectrical signals from the photomultiplier tube are then image-processed amd 
reconsinacted imbo high-resolution 20D of 30 mages. Confocal laser microscopes are mainly used for ob 
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Figure 14-23: Contocal laser microscope 


(3) DNA microarray scanners 


Biochemical tools called “OMA chips” are used for analyzing vast amounts of genetic information. A 
DNA chip is a substrate bolding lange numbers of DNA. probes at a high density. Some DMA chips make 
use of semiconductor photouithoeraphic methods, whole on others, DNA is dispensed on a slide glass using 
a high-precision robot mechanism. DNA (amangement fs known) bonded on a slide glass are hy: 
bnodized with sample DONA segments labeled with fluorescent dye. A laser beam scans the DNA chip amd 
the intensity of fluorescence emotied from the hybridized DNA is. measured to acquire genetic information 
on the sample DNA. 


(Hybridization is a process where single DSA strands having the same complementary base link to 
form a dowhble strand.) (See Figure 14.24_) 
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Figure 14-24: OMA microarray scanner 


(4) DNA sequencers 

THis is an instrument used to decode the base arangement of DMA extracted from a cell. The ponciple 
of a DNA sequencer is shen in Figure ]4:25. An extracted DNA sepment is Injected onbo pel electro 
Phoresis plate or into capillary tubes along wath a fluorescent label which combines with a specific base of 
the DNA segment. When an electric potential is applied across the gel, the DNA begins to migrate and 
pepe based on sine and charge. When the OWA segment reaches the position of the scamming line, it is 
excited by 2 laser, causing only the portion with the labeling pigment to give off fluorescence. This fluores 
cent light is passed through monochromatic Gliers and detected by photomultiplier tobes. Computer-pro 
cessing of the postbon at which the fluorescence has occurred gives information on where the specific 
bases are located. The DNA. sequencer is used for the pemetic study of living organisms, research into the 
cause and treabment of pemetic diseases, tamors and adult diseases, as well as decoding of human genes. 
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Figure 1425: Principle of a ONA sequencer 
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14.4 High-Energy Physics Experiments 


14.4.1 Overview 


Photonvultiplier tubes are widely used as detectors in high-energy physics expenment. Por example, when 
a charged particle passes through a scintillator, a light flash is given off in accordance with the particle energy. 
Detecting this light flash makes it possible to measure the energy, speed and direction of the charged particle. 
This technique ts absolutely essential im high-energy physics research which 1s constantly aiming for the 
uwiimate in sctentific technology. 


14.4.2 Collision experiments 


[n collision experiments, primary particles such as electrons and protons are accelerated io high energy by 
an accelerator so that they oollide with each other to produce secondary particles. The energy, speed and 
kineiic momentum of these secondary particles are detected and observed. There are several particle detection 
methods thai use photomuloplier tubes, for example, 2 hodoscope, TOF counter, calorimeter and (Cherenkov 
CTMINGeT. 

MUON COUNTER 
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Figure 14-26: Example of collision experiment setup 
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(1) Hodoscopes 
Figure 14-27 shows a simplified diagram” of a bodoscope. Plastic scintillators are arrayed in teo ar 
thoponal layers follkywed by photomultiplier tubes. The position and time at which a charged particle 
passes through certain scintillators are detected by the corresponding photomuliplier tubes. 
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Figure 14-27: Simplitied diagram ol a hodoscope 


(2) TOF counters 


TOF counters measure the hme of flight (TOF) of particles to wWentify the type of the particles. A 
simplified illustration of a TOP counter is shown in Figure 14-28. When promary particles collide with 
each other, secondary electrons ae generated. The time of flight of those particles from the collision point 
measured to find the velocity of the particles. A typical detector for TOF counters consists of a long 
Plastic scimbUator bar with both ends coupled ip a photomultiplier tube. A large number of plastic scamtil 
lator bars are arranged cylindncally around the collision poant. 


PFimene 59 Willan? mars and aang 







1 PAATECLE 


POMarY PART OLE PRAMAS PAATICLE 


Figure 14-28: TOF counter setup Figure 14-28: Entire TOF counter 
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(3) Calorimeters 


(Calorimeters measure the energy of secondary particles such as electrons, photons and hadrons. A sim 
plified dlustrathon of a calorimeter is shown in Figure 14.29. The collision point is. surrounded by detectors 
Hike a TOP counter. In the case of calorimeter, the energy of particles is released into matter and converted 
inte light or an electic charge. This is usually measured with detectors consisting of am imorganic scintl 
laiog of Jead glass combined with a photomultiplier tube. Recenily, sampling cakometers are also in use, 
which employ a multilayer stmocture of plastic scintillators and heavy metals swch as iron and lead imsiead 
Of using Imarpanic scintillabors. 
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Figure 14-29: Calorimeter setup Figure 14-29: Entre calorimeter 


(4) Cherenkov counters 


Cherenkov madiaben 15 emitted when a charged particle passes throwgh matter called a “radiator” (trans 
parent medium) with a velocity of energy preater than a certain level. This Cherenkoy radiahon is a kind of 
shock wave, 50 16 is emitted In a come around the direction of the charged particle, forming a ring pattern. 
The energy and type of the particle cam be identified on the basis of the size and brightness of this ring. 

Peeure 14.30 shows a schematic diagram of a (Cherenkoy coumter called "RICH" (Ring Imaging Cherenkov 
counter). Cherenkov light is emitted when a particle passes thoough a radiator with energy greaier than a 
certain level. This light reflects on a mirror and is then detected by a photodetector array installed om the 
opposite side. The energy and type of the particle are identified by measuring the size of the ming. 
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Figure 14-30: Schematic diagram at RICH 
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(5) Proton decay, neutrino observation experiments 


Povten decay observation is an experiment that atiempts to capbore the Cherenkoy light emitted by high 


energy charged particles that are supposedly produced when projoms decay. Photomultipber tubes are used 
to detect the Cherenkov light 


Kamiokande 


In 1683, the Ramiokande (RAMIORA Nucleon Decay Experiment) detector was imstaljed in an under 
ground mine in Aida City, (formerly Kamioka Town) in Gifu Prefectore, Japan, under the guidance of the 
Institube for Cosmic Ray Research (1CRE) and the High Emerey Physics Research Laboratory, Faculty of 
Science, University of Tokyo. The Rambokamde detector was constructed with a huge tank filled with pure 
witer installed | kalometer underground. On the side walls, bottom and roof of this tank, 1,050 photomul 
Hplier tubes, each 2D inches In diameter making them the Largest of thear class im the world, were installed 
bo wait quietly to caich the instant of photon decay. These photomultiplier tubes were manufactured to 
exacting specifications, for example, a large diameter glass bulb with a spherical photosensitive surface 
that allows catching the famt Cherenkov light paveling from a variety of angles and helps withstand the 
wilter pressure. High sensitivity, fast time response, and high photoelectron collection efficiency are also 
important factors. 


In January 1987, besides proton decay, the Kamiokande detector was modified io allow observing solar 
neubttinas penetrated by moclear fusion within the Sun. This modifted detector catches the Cherenkoy light 
that is rarely emitted when neutrinos flying away from the Sun pass throweh 3,000 tons of wl pure water 
in the tank. The 20-inch diameter photomultiplier tabes are used to detect this Cherenkov light. While 
waiting for the instant of projon decay, Kaamiokande also detects solar neutrinos af the rate of about once 
every 9 days. 





Since then the Kamtokande neutrino detection facility has welded big news. Ai 4:35 AM on February 
23rd, [9E7, Ramiokande was the first facility in the world to detect newtrinos from the supermova 1987 A 
that appeared im a comer of the Large Magellanic Cloud some | 70,000 light years away. This is relatively 
close to the Earth and the blast from a supemova ts said to occur only once every several hundred years. 
The last actual sighting was obverved by the maked eve in 160k. A saenificant deficit in atmospheric meutr 
mos was reporied from observation results with only about 46 percent of the expected number being de 
tected. 


SuUperKamiakarcde 


In 1984, new plans for a “Super: Ramiokande” were unveiled by the University of Tokyo. Mainstream 
thought in the Grand Unifted Theory is that proton lifetime may extend to 1o* years. To probe predictions 
in current Grand Unified Theories, plans were drawn up for a neutrino detection faciiity with 10 to 10 
Himes the performance of Ramtokande. The new facility, called Super:Kamiokande, was constrocied ina 
Kamdoka mine | lalometer underground and about 300 meters away from Kambokande. A huge water tank 
of 99.2 meters in diameter and 4).4 meiers in height was constructed and filled with 50,000 tons of ultra 
pure water. This i about 14 times the size of the Ramiokande tank. The 11,200 photomultipber tubes each 
20 inches in diameter are a farther improvement on the Kamiokande tubes. Observation begun in April 
190) af the Super-Kamiokande. 


In 198, atmospheric neutrino oscillation was discovered indicating that newtrinos have mass. Precision 
testing of neutrina oscillabon was made by means of aricicial neutrinos and oscillation of these artificial 
neuitinas was also verted and ooservation currently continues. 

KamLAND 


In January 2002, experiments commenced with the "KamLAND" (Kanmioka Liguid:scintillator Anh 
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Neutingd Detector) operated by the Research Center for Nevinno Science, Tohoku University. 


The RamLaAND detector was constructed utilizing the former Ramiokamde site yet is an even more 
sOphishicabed meutrima detector. Instead of pure water, RamLAND makes use of 1,000 tons of liquid scin. 
tillater io capture neutrinos. The intensity of the light emitied from the neutrinos reaching with the Lgquid 
scm llabor is on amouch larger scale than the Cherenkov light bapped at Kamookande, and allows detecting 
neutrinos af dyewer energy bevels. Thos Goquad scimfillaiog & held in a round balloon of about 13 meters m 
diameter made from special transparent Him. The balloon itself is contained within a spherical tank of 
siainvess steel ]E meters m diameter and having a volume of 300%) cubic meters_ 


The inner wall of the tank is lined with approximately | S00 photomultiplier tubes each 20 inches in 
Giameter (effective area: 17 inches) that are improwed verspons of the Super:-Kambokande tubes. The outer 
wall of this spherical tank 1s further enclosed by a tank filled with pure water and this section 1s also lined 
with 20-inch photomulimpber tubes. At RamLAND, the time difference between too light emissions oc 
curring from reaction with the newtrinos, amd the Ome delay fom the emission of lighi until the light 
reaches the photomuliplier tubes are measured. The docation within the balloon where the neutrino reac 
fon occurred can be determined in this way. 


In 2002 it was announced that oscillation was present in peutrinos from nuclear power plants, and the 
mystery of solar newbrines was determined to be due to this newtrine oscillation. Japan is 2 leader in the 
held of newirino research and these superb devices are certainly ome of the main reasons it retains this lead. 


11,20) photomuliphor tuhes, 
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Figure 14-32: Kaman 
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14.5 Oil Well Logging 


Special photomultiplier tubes have been developed that are capable of operating reliably in harsh environ 
ments including high temperature and severe vibration and shock. This section explains of] well exploration 
(ou well logeme) as a sample application of these special tubes. 


Oil well logging 1s used to locate an oil deposit and determine its size. This technique makes use of photo 
multiplier tubes as detectors for density well logging using radiatbon, newtron well logging and natural gamma 
ray-specttum well logging. In these well loggings. A probe containing 2 mewtron of gamma ray source is 
lowered into a well as itis being drilled. The radiation of the neutrons that are scattered by the rock surround 
Ing the well are detected by a scintillator/photomaltipber. The amount of scattered radiation detected 15 in 
dicative of the density of the rock that surrounds the well. The scattered newtrons indicate the porosity of the 
rock which is required bo ascertain if the oal can be removed. Naturally occurring gamma rays are detected to 
locate shale which indicates the presence of oil or gas. Figure 14-33 shows the measurement method!” for ail 
well logging using radiation, and the cross sechonal view of the strata layers arwond an oil well site. 
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Figure 14-33: Ol well logging Using radiation probe and cross sectional view of strata layers 


The depth of a tial bole may be as deep as several thousand meters where the amboent temperature reaches 
as high as 150 to 200°C. In addition, shock and vibration are also applied to the photomultiplier tubes, impos 
Img an extremely severe emeironment on the photomulipoer tubes. To meet these requirements, varvous types 
af rugeedized, high-temperature photomultiplier tubes have been developed which ensure adequate perfor 
mance even under these severe environments. These photomultiplier tubes have a special photocathode that 
exhibits a minimal increase in dark current even af high jemperatures and, in the multiplier section, dynode 
matenals capable of withstanding high temperatures are employed. The electrode stmoctures are also designed 
with careful consideration piven to the effects of thermal expansion amd vibration. 
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14.6 Environmental Measurement 


14.6.1 Overview 

otomvultiplier tubes are also used as detectors In emveironmental measurement equipment, for example, m 
dust counters used bo detect dust contained in a of guids, and radiation survey montiors used in nuclear 
power plants. This section explains some of these applications. 





14.6.2 Application examples 


(1) Dust counters 


A. dust counter measures the comoentration of floating dust in the atmosphere of inside a room by mak 
ing use af principles such as light scattering and absorption of beta rays. Figure 14-34!" shows the prin 
ciple of a dust counter using light scattering. [f dust is present im the light path, light 1s scattered by the dust. 
The quantity of this scattered light is proporbomal te the quantity of dust. The scattered light is detected by 
a photomulipuer tube and after being integrated, the quiput sigmal is converted into a pulse signal, whoch 
then corresponds te the particle comoentratpon. This method offers an advantage that the output signal can 
mmumediaiely follow upon changes in the comcentration, making 1 ideal for continuous monitor over hme. 
However, this method has a disadvantage in that even of the mass concentration & constant, the quantity of 
scatbened light vanes with such factors as particle shape and the refractive index. 
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Figure 14-34: Block diagram of 6 dust counter using light scattering 


Dust counters ohlizing scattered light have a drawback in that the amount of scattered light varies 
depending on the sime and refractive index of particles even if the particle concentrations are constant. 
Another type of dust counters make use of the absorpbon of beta mys which is proportional io the mass of 
a swbsance through which ihe beta rays are tramsmitted. A filber paper is used to collect the dust, and the 
difference in the amount of betasray absorption before and after collecting the dust is compared to deter 
mine the mass of the suspended particles. 





(2) Laser radar (LIDAR)! 

Laser radar (LIDAR) transmits pulsed laser light into abmosphernc space and receives the lighi 
backscattered fram scatterers seach as suspended matier in the atmosphere (atmospheric molecules, aero 
ms, Clouds, etic.) and flying objects, in order to measure the distance to the scatterers as well as their 
concentrations, shapes and speeds. The laser transmitter and recetver are installed im the same place amd 
the laser beam 1s scanned across the target area to obtain a three-dimensional spatial distribution. Optical 
signals detected by the recerver is comverted into electrical signals, which are then converted into digital 
signals and processed by a computer. 


a2 CHAPTER la APPLICATIONS 





—— 


ACA TERED UGrHT 


THEFT _ “LL 


Figuré 14-35: Schematic diagram of 6 laser radar for atmeapheric observation 


(3) NOx analyzers 
These insbboments are used bo measure nitrogen oxide (Okc), an air-polluting gas contamed in exhaust 
pases from automobiles amd other intemal combustion engines. Ox is a general term indicating mitrogen 
mononide ($C) amd mitogen diode (Oh) and, im many countnes, the concentration of NOx ts limited by 
ait pollution regulations so that it shall mot exceed a certain level. 


Figure 14.36 shows the configurathon of an WO analyzer making use of chemiluminescence.!"' When 
WO gas reacts with ozone (Os) to become WO gas, chemmluminescence 1s released. The intensity of this 
chemiluminescence is proportional to the concentration of “} gas. Since ofber gases contained in the 
exhaust pas do mot produce seach luminescence, the WO gas concentration can be selectively measured by 
detecting the intensity of this chemiluminescence. 
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Figure 14-36: NOx analyzer utilizing chemlluminescence 
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(4) SOx analyzers 


Sx analysers are used to measure sulfur dione concentrations in the atmosphere. Recently, UV 
fluorescent sulfur dioxide analyzers are in wide use. This method inradiates the sulfur dioxide in the atmo 
sphere with UW light io produce an exctied state. The resulting fluorescence is then measured to determine 
the sulfur dioxide comcentrations in the atmosphere. A typical setup of a UY fluorescent sulfur dioxide 
analyser is shown in Figure 14-37. 
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Figure 14-37: Typical setup of a UV fluorescent sulfur dioxide analyzer 
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14.7 Radiation Monitors 


14.7.1 Overview 


Radiation monitors have long been used af nuclear power plants and nuclear research facilites. In recent 
years, however, the boss of theft of muctear materials has become a serious comoem so that Inspections and 
detechon of noclear materials has become a high priority at national borders. such as harbors and airports. 
Photomultiplier tubes can be combined wath a scintillator matching the radiation emitted from the nuclear 
matenal, io create various types of inspection devices amd monitors. 


14.7.2 Application examples 


(1) Handheld radiation monitor (pager) 


Handheld radiation monitors are designed io help customs, border guards amd others keep watch for 
emugeled radioactive materials. A detector consisting of a photomultiplier tube coupled to a scimbllator is 
used io detect radiation. Compact, metal package photomuldplicr tubes are asually used for handheld 
applications. Figure 14-38 shows the internal layout amd photo” of a handheld radiation monitor. 
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Figure 14-38: Structural view of a handheld radiation manitor 
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(2) Door menitors 


As the mame implies, the door monitor is Installed mear the exit door im the monitored area of a moclear 
power plant in order to check the personnel going out of this area for contamination by radivactive mate 
Mal. A. photemultypber tube is used im conjunchon with a scimbllater io detect radiation released from the 
raudigactive material. Am example’! of a door monitor is shown in Figure 14-39. The detector section 
consists of an array of scintillators coupled to photomultiplier tubes, enabling simultaneous measurement 
of the locaivon and extent of contamination. Since the number of signals io be detected 15 usually very low, 
a COInCIdence counting circuit is used as im the case of scintillation counting t Minimize erroneous signal 


couniing. 
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Figure 14-39: Block diagram of a door moniter 
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14.8 Industrial Measurement 


14.8.1 Overview 


For non-contact measurement on a production line and other industrial measurement applications where 
Tapa measurement with a high degree of accuracy and quality 1s essential, extensive use 1s made of various 
devices having photonulipoer tubes as detectors. These devices inclade thickness gauges and laser scanners, 


which are briefly discussed im the following paragraphs. 
14.8.2 Application examples 


(1) Thickness gauges 
To measure ihe thickness of paper, plastics and steel plaies on a production lime, non-contact measure 
ment techniques that use radiabhon such as beta rays, & rays or gamma rays are favored. 
These techniques can be roughly divided into teo methods: ome measures the amount of beta or pamma 
lays fransmitted through an object! (Figure 14040) and the other measures the amount of {uorescent & 
rays! (Figure 1441} 
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Figure 14-40: Principle otatansmission-mode Figure 1441: Principle of a fluomscent X-ray 
thickness gauge thickness gauge 


When the intensity of radiation incident on a material is Ip, the bansmitted radiabon intensity I can be 
expressed by the following relaivon: 
| = -l-e"™ t : thasoness (Mm) 


p : Gansity igi") 


Since the transmitted radiation intensity 1s proportional bo the count rate, the thickness of the material 
can be obtained by calculating the count rate. Im general, beta rays are used to measure mobber, plastics amd 
paper which have a small surface density (thicknessAdensity), while gamma rays are used to Measure 
material with a lange density such as metals. In addition, infrared radiaben is also used for measurement of 
films, plastics and other similar materials. 


Fluorescent Xerays are wsed bo measure the film thickness of plating and depositoon layers. Fluorescent 
AcTayS afe secondary Xerays penerated when a mesterial is excited by radiation and have characteristic 
energy of the material. By detecting and discriminating this energy. a quantitative measurement of the 
object material can be made. 


There are a variety of detectors used in these applications, such as proportional counter tobes, phobo- 
multiplier tubes and semicondactor radiation detectors. Photomultipler tubes are used in conjunction with 
scintillaiors, mainly for detection of gamma mys and X-rays. 


(2) Laser scanners 
Laser scanners are widely used in pattem recognition such as defect mspection and mask alignment of 
ReTuconductor wafers. 
In semiconductor wafer Inspection systems, a laser beam is scanned over the wafer surface or the wafer 
Tiself is scanmed while a laser beam 1s focused onbo a fixed point In either case, photomultiplier tubes are 
common) used to detect scattered light caused by dirt, stain and defects on the wafer surface. (See Figure 
14.42.) 
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Figure 14-42: Optical system layout for a semiconductor walter Inspection sysiem 
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14.9 Aerospace Applications 


14.9.1 Overview 


Photomuliplier tubes are widely used in space research applications such as detection of X-rays from outer 
space, planetary observation, solar observation, environmental measurement im Inner of outer space and au 
Tord observation. In addition, photomultiplier tubes are also used for spectral measurements of vartous radia 
thon in the atmosphere or outer space and measurement of Aorays from supemovas. 


14.9.2 Application examples 


(1) X-ray astronomy 
Pigure 14243 Qlostrates the structure of ASUECA laonched and placed tn tis orbit im Pebmeary 1995 as the 
Fourth astronomical satellite for X-ray observation im Japan. A gas imaging spectrometer (G15) is used as 
the detector, which consists of a pas-scintillaijon proportional counter coupled to a photomultiplier tube 
(Hamamatsu R245650) as lostrated in Figure |4-d4_ 
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Figure 14—t3: AStromamical satellite ASU KA for X-ray observation 
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Figure 14-44: X-ray dete 
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Figure 14-45: Principle of detection in GIS detector 


ASUEA has succeeded in discovering varbous interesting facts. These include the detection of Xorays 
travelling from the superova named “Sh 10984)", discovery of low: luminosity nucleus in the center of ordi 
nary galaxy, and the world's frst detection of inverse Compton Actays coming from a radio galaxy. Further 
toore, the ASUPFLA swocessfully revealed that the low energy spectrum of CXB (coamoic Xoray background) 
extends io ] keV as single photon fingers. This discovery is expected to elucidate ihe CMB, which is the 
Pumary abject of the ASUKA_ 
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(2) Ozone measurement (solar backscatter radiometer) 


There are vast quantities of pollated air im the Earth's atmosphere and this reacts with light from the sun 
to produce ozone- [f this layer spreads and blocks out the sunlight. it could have drastic future effects for 
humanity and other life on our planet. The pohoio below shows a photomultiplier tube designed for an 
o@one detector (right in same photo) to measure fone concentrations in the Earth's atmosphere. This was 
meembled in a spechhophotometer inside an artificial satelite launched from ihe space shuttle. It is capable 
of converting extremely faimt amounts of light mto electrical signals for ozone Measurement 


Phobomuliplier tubes used for ouber space applications must provide high reliability, capable of with- 
Manding strong vibrations during Liftoff and operating wiih high stability for long penods. The ozone 
detector using these photomultiplier tubes was used by WASASNOAA. It was installed in the satellite- 
bore SAU V/2 instnement io detect the spectrum of solar backscatier from outer space and memure ozone 
layer distributions. 





Figure 14-46: Photomultiptier tube (left) and ozone detector (right) mounted In SBUW/2 
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14.10 Mass Spectrometry / Solid Surface Analysis 


ielass spectrometry is a fechmigue used te identify and analyze the mass, makeup and minute quantity of a 
sample through the measurement of the difference im mass and movement of toms by exerting electric or 
Magnetic energy on the sample which is sonzed. 

S0lid state surface analysis 1s used to examine the surface state of a sample through the measurement of 
Pooicelectrons, secondary electrons, reflected electrons, transmitting electrons, Auger electrons or X-rays 
Benerated as a result of interactions of incident electrons with atoms composing the sample, which take place 
when an electron beam or Meray radiates the sample. lon detectors are used as detectors in these applica 


tynwas. 


14.10.1 Mass spectrometers” ** 


Klass spectrometers are broadly classified into two groups: one using magnetic force (magnet) and ome not 
Using mapgmeteo force. Currently used mass spectrometers fall under one of the following four types. 

¢ Time of fught (TOF) type 

© Quadrupole ((Q-Pole) of ion trap type 

* Magnetic field type 

* Jon cyclotron (FTICE) type 

Mass spectrometers are often combined with a gas chromatograph or liquid chromatograph to build a 
gas Chromabograph mass spectrometer (GC-MS) or liquid chromatograph mass spectrometer (LC-AiS). 
Mass spectrometers are used bo identify, measore and analyze the composition of various samples such as. 
petrochemicals, fragrance materials, medicines, biogenic components and substances causing environ 
mental pollution. Figure l4.47 shows the schematic drawing of a quadrupole type gas chromabograph 
Tiss Spectrometer 
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Figure 14-47: Schematic drawing of a gas chromatograph mass spectrometer. 
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14.10.2 Solid surface analyzers™ 


Solid surface analysers are broadly divided into two groups: one using electron beams 60 irradiate a 
eee and the other using Xerays. Major solid surface analyzers presenily wsed are as follows. 


: Scanning electron microscope (SEM) 
¢ Transmission electron microscope (TER) 
* Ager electron spectrometer (AES) 


* Electron spectrometer for chemical analysis (ESCA) 


Among these four types of surface analyzers, the scanning electron microscope (SEM) is ihe most widely 


EV 


used amd ibs stmactore and principle are ilosirated im Figure |4-d8_ 
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Figure 14-48: Structure and principle of a scanning electron microac 





14.10 Mass Spectrometry! Solid Surfece Analysis uit 


Am electron beam emitted from the electron gum is accelerated at a voltage of 0.5 to 4) kV. This accel 
embed electron beam is then condensed by the electromagnetic lens action of the focusing lens and o5jec 
ve bens, and finally formed into a very narroe beam of 3 to 100 nm in diameter. wradiating on the surface 
of asample. Secondary electrons are then produced from the surface of the sample where the electron 
beam landed, and are detected with a secondary electron detector. The electron beam can be scammed in the 
OY directions across the predetermined area on the surface of the samole by scanning the electromagnetic 
bens. A magnified secondary electron image can be displayed on the CRT in synchronization with the 
signals of the secondary electron detector. Figure 14-49 shoves the strocture amd operabon of the secondary 
electron debecior. 
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Figure14-49: Structure and operation of a secondary electron detector 


AL typical secondary electron detector consists of a collector electrode, scintillator, ght pipe, photomal 
Hplier tube and preamoplifer. Voltage 1s appued to the collector electrode and scmblator at a devel required 
fo collect secondary electrons efficiently. Most of the secondary electrons produced from the sample enter 
the scintillator and are converted into light This converted light then passes through the light pape and 1s. 
detected with the photomultiplier tube. 
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